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TABLE 8-8

2-HOUR SOURCE BREAKDOWN BASED ON CHEMICAL ELEMENT BALANCE {a)

Pasadena Pomana
9/20/72 10/24/72
1200 - 1400 1200 - 1400
Sea Sait 1.1 £+ 0.4 2.9 £ 0.4
w/S0,~ replacement (c) (1.3) {3.5)
Soil Dust 7.5 + 0.5 10.6 £ 0.44
Auto Exhaust 6.0 = 0.26 6.8 = 0.
Cement Dust 1.4 2 1.3 0.6 = 0.
Fly Ash 0.1 £ ¢.01 0.1 = G.01
Diesel Exhaust {b) 1.6 i.8
Tire Dust (b) 0.6 0.7
Indust. and Agric. (b) 5.5 6.2 ¥
Aircraft (b) 1.5 1.7
soy (e | 3.0 £ 0.6 23 = 4.5
jess replacement (d) (2.3) {20.1)
NDE {(f) k.0 6.0
NHY {e} U 8 = 3.7
Orﬁanics {g) 33.5 k2.0
Water (e) 13+ 7 U
Tetal Mass 78.8 160.4
Measured Mass 65 7 227 + 20
Values in pgm/m3, errors as in Table 8.7.
Tire dust assumed to be 107 of auto exhaust component; diesel, air-
craft, industrial and agriculiure emission scaled to auto exhaust
using Tabie 8.5.
SO,'_,= has been assumed to replace C1~ in sea salt, and these values
reflect the mass increase.
SOE left after €1~ replacement.
Measured values.
Fraction of nitrate assumed equal to 2i4-hour average.
Based cn carbon balance.
unknown
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Table 8-9 compares measured concentrations of the elements with concen-
trations calculated from the concentrations of soil dust, sea salt, auto
exhaust, flyash and cement dust obtained from the chemical element balance.
The species on which the calculation was based, aluminum, sodium, lead,
calcium, vanadium, magnesium and potassium, are listed first in the table and
show generally good agreement between measured and calculated values. The
results are not normalized to specific species so the good agreement adds
confidence that the sources identified are the major ones for this set of
elements.

A chemical element breakdown was not carried out for the industrial
sources. Hence the calculated concentrations for elements in the industrial
sources would be expected to be smaller than the measured concentrations.
This probably explains the deviations between measured and calculated concen-
trations for copper, chromium and zinc in Table 8-9. The discrepancy would
not appear in the material balance (Tables 8-7 and 8-8) since these species
would be included, on a mass basis, in.the industrial contribution. Except
at Fresno, chlorine was present in smaller concentrations than calculated
because it is lost from the aerosol by chemical reactions (Miller et al.,1972;
Friediander, 1973).

The results for the mass contribution calculations for 1973 data are
shown in Table 8-10. The agreement is acceptable in all cases. It is inter-
esting to note that the sea salt contribution is larger for the twenty-four
hour samples than for the two hour midday samples, indicating that the peak
in the marine contribution does not occur at midday. West Covina, Pomona,
and Dominguez Hills are dominated by a mixture of secondary organics,
ammonium and sulfate contribhutions while Rubidoux contains a small secondary._
organic contribution and is dominated by nitrate and sulfate.

Table 8-11 compares measured concentrations of several elements with
those predicted from the results of the chemical element balance. Sodium,
aluminum, lead, calcium, and vanadium agree quite well; magnesium and potas-
sium show poorer agreement although they were also used in the chemical

element balances. The measured concentrations of the magnesium and potassium

8-23
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TABLE 8-10A

ESTIMATED SOURCE CONTRIBUTIONS - 2 HR FILTERS (a)

;! Science Center
Rockwell International

West Covina Pomcna Rubidoux Dominguez Hills
7/24/73 8/17/74 9/6/73 10/5/73

Source 1200 - 1400 1200 - 1400 1200 - 1400 1000 - 1200
Sea Salt (b) 8.15 + 0.7 2.78 s+ 6.7 0.0 11.5 + 0.69

(4.48 + 0.38) (1.53 = 0.37) (0.0) (6.32 + 0.38)
Soil Dust 31.5 £ 1.2 43.9 1.7 o4 x 1.6 18.0 + 0.8
Auto Exhaust 10.0 + 0.4 7.80 =+ G.28 3.93 + 0.16 3.29 + 0.13
Diesel Exhaust 2.70 +0.10 2.10 £ 0.08 0.947 £ 0.035 0.891 £ 0.035
Tire Dust 1.00 + 0.04 0.780 % 0.028 0.393 + 0.016 0.329
Ajreraft 2.51 +0.10 1.95 = 0.07 7.10 = 0.28 0.821 = 0.013
industrial 9.19 = 0.42 7.17 =+ 0.28 16.9 = 0.7 3.03 £ 0,12
Fuel 011 0.647 = 0.028 0.910 + 0.038 0.190 + 0.0i4 0.831 + 0.026
Cement Dust 3.39 +0.18 3.09 0.8 5.82 +0.29 0.737 + 0.085
Agricultural ' G 0 3.74 = 0.15 0
Total Primary 59,1 + 1.4 70.5 + 1.9 79.5 2.1 39.4 + 1.1
Organics 56.4 + 3.6  48.3 + 3.0 6.39 +2.55 24,6 + 2.1
50, {c, e) 36.0 £ 4.3 33.4 oz 3.6 13.1 =z 1 42.2 % 5.0
NO4T (e) ' 12,0 =1.2 i4.6 £ 1.5 70.0 7.0 5.1 £0.5
NHL T {d) 13.2  £1.3 10.5 =0.8 2.4 = 1.3 .07 =+ 0.66
Tota! Secondary 1ib + 7 167 + b 102 + 7 78.0 + 5.4
Water 3i. +2.3 16,3 * 2.2 22,8  +£2.3 3.0 & 2.1
Total Mass 219 + 8 194 + 7 20k + 8 155 + 6
Measured 268 * 2 249 2 260 + 2 134 2

{a) Contributions in ugm/m3. Errors refiect analytical errors in chemical

analyses only.

{b} First number is with el replaced by HSOQ_. Second number is without

replacement.
{c} Does not include HSOM" used in L1~ replacement in sea salt.
(d) Mass fraction assumed equal to 24 hr filter.

{e) Measured.
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ESTIMATED SOURCE CONTRIBUTIONS - 24 HR FILTERS (a)

Science Center
Rockwell international

8-27

West Covina Pomona Rubidoux Dominguez Hills

Source 7/24/73 8/17/73 9/6/73 10/5/73
Sea Salt (b) 20.0 £ 0.7 1.1 +0,5 13.7  + 0.5 22.4 £ 0.7

(11.0 + 0.4) (6.09 *+0.26) (7.5 *0.30) (12.3 =+ 0.4)
Soil Dust 30.8 £ 0. 33.0 £ 0.2 31.3 0.2 20.5 + 0.2
Auto Exhaust 9.68 + 0.42 5.19 + ¢.2 3.81 * 0.16 2.80 =+ 0.10
Diesel Exhaust 2.60 1 0,10 1.40 + 0.06 0.912 = 0,035 0.758 + 0.028
Tire Dust 1.31 + 0.06 0.519 = 0.021 0.381 + 0.016 0.280 + 0.010
-Aircraft 2.42 £ 0.10 1.29 £ 0.06 7-24 £ 0.28 0.703 + 0.028
Industrial 8.91 = 0.35 4.77 * 0.19 16.4 0.7 2.58 £ 0.10
Fuel 0il 0.453 £ 0,009 0.543 * 0.009 0.302 = 0.008 0.952 = 0.010
Cement Dust 3.19 = 0,22 2.87 % 0.22 7.01 = 0.42 1.78 £ 0.13
Agricultural 0 0 3.62 * 0.15 0
Total Primary 79.0 + 1,2 60.7 * 0.81 84,7 1.5 52.8  * 0,
Organics 22.5 * 2.0 17.6  £1.2 1.65 = 1,50 1201 * 0,
soy (c,e) 18.0 * 3.3 10,2+ 1, 0 15.7 = 3.
Nog (e) 6.79 + 0.68 4,81 *+ 0.48 424 4.2 0.936 + 0.094
NHY (e) 10.4 =+ 7.32 % 0,73 2.3 % 1.2 6.70 * 0.67
Total Secondary 57.7 = k.0 39.9 * 2.} 56.4 * L6 35.4 £ °3.}
Water 65.1  * 2.2 36.6  * 1.5 6.7 * 2.9 69.2 + 2.3
Total Mass 203 5 137 3 206 * 6 157 4
Measured 211 2 180 2 262 2 148 2
(a) Co?tributions in ugm/m3. Errors reflect analytical errors in chemical analyses

only.
(b) First number is with cl- replaced by HSOQ-. Second number is without replace~
ment.

{(c) Does not include HSOQ_ used in Cl replacément in sea salt.
{e) Measured.
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TABLE 8-11

MEASURED AND CALCULATED ELEMENT CONCENTRATIONS (a)

West Covina Pomona

7/24/73 1200 - 1400 8/17/73 1200 - 1400
Element Calculated Measured Calculated Measured
Na (N) (b) 2.20 2.12 £ 0.1 1.62 1.61 + 0.11
Al (N) 2.67 2.39 * 0.10 3.68 3.58 + 0.14
Ca (x) 2.09 2.09 * 0.08 2.11 2,01 + 0.08
U (x) 0.0472 0.0472 = 0.0020 0.0663 0.0663 * 0.0027
Pb {x) 3.89 3.89 + 0.15 3.02 3.02 + 0.12
Mg (N) 0.689 1.71 + 0.86 0.746 1.13 £ 1.13 (c)
K {x) 0.542 1.6 = 0.08 0.693 1.15 £ 0.12
Mn (x) 0.0350 0.093 £ 0.0067 0.0488 0.084 = 0.007
Cu (x) 0.00381 0.061 + 0.00b 0.00533 0.028 = 0.004
i (N) 2.46 0.537 = 0.063 0.841 0.444 = 0,061
8r (N} 1.85 0.670 % 0.019 i.85 0.456 + 0.013
Cr (x) ‘ 0.000647 0.035 = 0.008 ¢.00091 0.012 + 0.012 (¢)
Ni (x} 0.0142 0.053 * 0.004 0.0200 0.067 + 0.004
PN 6.27X!0—6 0.0105 = 0.00%! 2.1bx1070 0.00880 + 0.00117
Fe (x) 1.09 3.58 £ 0.1% 1.49 3.42 * 0.1k
Zn (x) 6.0275 0.456 = 0.0i8 0.0213 0.193 * 0.008

{a) Concentrations in pgm/m3. Errors in measured values reflect uncertainties
in chemical analysis. Elements above line (Na=X) used in chemical element
balance.

(b} Method of analysis: N-neutrom activation analysis; a-x-ray fluorescence
analysis.

[y

Not detected. Assumed equal to one-half of lower limit of detection with
100% uncertainty.

[ae]
1
N
[0
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TABLE 8-11

MEASURED AND CALCULATED ELEMENT CONCENTRATIONS (Continued)

West Covina Pomona

7/24/73 - 24 hour 8/17/73 - 24 hour
Element Calculated Measured Calculated Measured
Na (N) (b) L,16 L1z +o0.12 2.73 2.72 + 0.08
Al (N) 2.61 2.60 £ 0.02 2.78 2.77 £ 0.02
Ca (x) 2.06 2.06 0.0 1.89 1.89 =+ o0.10
vV (N) 0.0336 0.0336 = 0.0007 ©.0400 0.0400 * 0.0006
Pb (x) 3.75 3.75 £ 0.15 2.01 2.01 * 0.08
Mg (N) 0.913 1.39 + 0.59 0.756 0.839 =+ 0.466
K (x) 0.600 0.957 0.096 0.578 0.933 * 0.093
Mn (x) 0.0341 0.076 <+ 0.005 0.0366 0.071 =+ 0.004
Cu (x) 6.00337 0.041 = 0.002 0.00373 ‘0.026 * 0.002
ci (N) 6.05 0.425 =+ 0.024 3.35 0.343 + 0.018
Br (M) 1.80 0.555 * 0.016 0.965 0.433 =+ 0.016
Cr (x) 0.000453 0.015 =* 0.005 0.000543 0.018 = 0.004
Ni (x) 0.0103 0.050 =* 0.002 0.0122 0.042 =+ 0.002
I (N) 1.54x107°  0.0116 + 0.0012 8.53x1076 0.00767+ 0.00073
Fe (x) 1.05 2.92 % 0.12 1.12 2.77 0.1
Zn {x) 0.0265 0.462 =+ 0.018 0.0144 0.169 + 0.007
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MEASURED AND CALCULATED ELEMENT CONCENTRATIONS (Continued)

Rubidoux Dominguez Hills

9/6/73 1200-1400 10/5/73  1000-1200
Element Caiculated Measured Calculated Measured
Na (N} (b) 0.983 0.969 * 0.094 2.43 2.43  + 0.1
Al {N) 3.45 3.34 + 0.13 1.50 1.50 % 0.06
Ca (x) 3.28 3.28 + 0.13 0.693 0.693 + 0.004
V(N 0.0157 0.0157 £ 0.0010 0.0592 0.0592 * 0.0018
Ps {x) 1.50 1.50 + 0.06 1.28 1.28 £ 0.05
Mo (N) 0.698 2.35 + 0.92 0.504 0.552 + 0.622
K (x) 0.635 1.37 + Q.14 6.345 0.355 + 0.063
Moo (x) G.0446 0.069 + 0.00% 0.0203 0.033 = 0.006
Cu {x) 0.00361 0.0kz = 0.0C3 0.00310 0.021 = 0.003
cr (W) 0.0 0.560 = 0.061 3.45 0.156 + 0.53
Br (N} 0.768 0.266 + 0.00Q8 0.618 0.154 * 0.004
Cr {x) 0.00019 0.011Y = 0.0%11 (c) 0©.000831 0.0105 = 0.015 {c)
NI (x) 0.00545 0.0i0 * 0.003 G.0173 0.047 * 0.003
P(N) 0 0.00629 £ 0.00091 8.85x107%  0.0142 = 0.0010
Fe {x) P.37 3,15 + 0.13 G.634 .01 + 0.4
Zn (x) 6.0106 0.142 = 0.00& 0.00918 0.142 * 0.006

8-30
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TABLE 8-11

MEASURED AND CALCULATED ELEMENT CONCENTRATIONS (Continued)

Rubidoux Dominguez Hills
9/6/73 ~ 24 hour 10/5/73 - 24 hour

Element Calculated Measured Calculated Measured

Na (N) 3.13 3.12 * 0.09 4.34 ' L 31 +0.12
Al (N) 2.74 2.74  + 0.02 1.73 1.73  *0.,12
Ca (x) 3.79 3.78 £ 0.02 1.28 1.28 + 0.06

vV (N) 0.0230 0.0230 % 0.0005 0.0678 0.0678 + 0.0007
Pb (x) 1.45 1.45 £ 0.06 1.09 1.09 = 0.04
Mg (N) 0.886 1.49 £ 0.50 0.786 1.57 + 0.46

K (x) 0.591 1.28 £ 0.13 0.454 0.568 + 0.57
Mn (x) 0.0346 0.092 =+ 0,004 0.0231 0.042 * 0.003
Cu {x) 0.006311 0.027 % 0.002 0.00355 0.020 = 0.001
Ci (N} 4. 14 0.844 =+ 0.034 6.77 0.245 =+ 0.017
Br (N) 0.700 0.217 % 0.006 0.539 0.203 =+ 0.006
er (x) 0.000302 0.024 =+ 0.004 0.000952 0.020 =+ 0.003
Ni {x) 0.00732 0.034% = 0.002 0.0199 0.065 =+ 0.003
P(N) 1.05%1075 0.00576+ 0.0089 1.72x107> 0.0104 + 0.0008
Fe {(x} 1.10 3.52 * 0.14 0.733 1.5  + 0.06
Zn {x) 0.0103 0.172 = 0.007 0.00785 0.353 = 0.014
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were considerably higher than those found in 1972, for which Gartrell and

(85)

Friedlander obtained good agreement between measured and calculated values.
Tlements for which the measured concentrations are higher than the calculated
may come from industrial sources for which a chemical eiement balance was not
made. FElements for which the concentrations are lower, such as bromine and
chlorine, may be lost from the aerosol as a resuit of atmospheric chemical
reactions.

Table 8-12 shows the results of the assignment of the non-organic
secondary sources along with associated water based on assumption of saturated
salt solutions. The calculated water concentrations ranged from 8.4 to 14.3
percent for the midday samplies at West Covina, Pomona, and Rubidoux while the
+wo hour concentration for Dominguez Hills was 24.5 percent. The twenty-four
nour concentrations were on the order of 30 percent except at Dominguez Hills
where 1t was &b percent. The values measured in 1972 were 10 to 20 percent,
indicating that the present estimates are reasonable. The assignment of the
non-organic secondary components to chemical compounds was generally success-

, the exceptions being the two hour samples at Rubidoux and Dominguez

Hiils, where exceptionaily large nitrate and sulfate loadings were measured.

5. CARBON BALANCE
The 1972 carbon data were obtained by collecting with a silver membrane

e
Ti

ter and analyzi
. (83) ; . ; .
of Friedliander’ 5). A1l of the diesel exhaust, aircraft and agricultural

ng for CDZ. The carbon balance was based on the method
sercscls were assumed te be carbon. Frey and Corn(89) found that 85 to 93%

of diesel exhaust acroscl was comprised of inorganic and organic carbon. For
sutomobile exhaust, carbon was assumed to comprise 90% of the tar in the
particulates. in the absence of other information, we have again assumed

that the fraction of carbon in industrial emissions was the same as the
fraction measured in the total particuiate, about 25% for the daily average
Guring these experiments. As shown below, the carbon balance is not sensitive
to this assumption. in this way, estimates were made of the amounts of carbon

from primary sources in the aerosol. The difference between the measured

carbon and the primary carbon is assigned to organic compounds resulting from

7
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TABLE 8-12

ASSiGNMENT OF NON-ORGANIC SECONDARY SPECIES
TO CHEMICAL COMPOUNDS AND ASSOCIATED WATER (a)

Total (c) o NO3 NHE ) Ho0

West Covina ~ 7/24/73 1200-1400

NaH504 7.15 £ 0.63 5.72 £ 0.50 0 0 25.0 + 2.2
NH4N03 15.5 1.5 0 12.0 £ 1,2 3.48 + 0.30 6.41% 0,62
NHhHSOA by o * 5 2 36.78 + 4,33 0 6.89 * 0,81 0
Excess 0 0 2.84 £ 1,58

Total (d) b2.5 + 4,3 12.0 £ 1.2 13.2 * 1.33(b)

Pomona - 8/17/73 1200-1400

NaHSOu 2.44 + p,59 1.95 = 0.47 0 0 8.54+ 2,07
NHQNOB 18.8 + 1.9 0 4.6 + 1.5 h.24 + 0.42 7.80+ 0.78
NHhHSOQ 40.0 = 4.2 33.4 £ 3.6 0 6.25 + 0,67

Excess 0 0 0

Total (d) 35.3 £ 3.5 4.6 £ 1.5 10.5 % 0.8(b)

Rubidoux - 9/6/73 1200~-1400

NaHSOh 0 0 0 0 0
NHANOB 55.1 = 5.5 0 42.7 + 4.3 12.4 1.3 -22.8 + 2.3
NHqHSOh 0 0 W] 0 0
Excess 13.1 =1 27.3 + 8.2 0

Total (d) 13.1 =1 70.0 £ 7.0 12.4 + 1.3(b)

(a) ugm/m3

(b) Mass fraction assumed equal to 24-hr sample
{(¢) Excludes water
(d) Measured
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(Continued)

Total {c) SO% NOZ NH. H0

Dominguez Hills - 10/5/73 1000-1200

’ NaHSOh i0.1 = 0.6 8.07 + 4.8 0 0 35.3 =+ 2.1
NH4303 5.6 £ 0.7 ¢ 5.1 * 0.51 .48 + 0.15 2.72 £ 0.27
NHQHSOQ 29,3 £ 4,1 24.5 * 3.4 0 4,59 + 0.64
Excess 17.7 6.1 0 0
Total (d) 50.3 * 5.6 5.1 % 0.5} 6.07 + 0.66(b)
West Covina - 7/24/73 24 hr
NaHSCy  17.6 £ 0.6 1kl = 0.5 0 0 61.5 * 2.2
NHANG3 8.76x 0.88 0 6.79 =+ 0.68 1.97 £ 0.20 3.63 £ 0.36
(NH&)QSGQ 24.8 £ 3.5 18,0 £ 2.3 0 $.76 = 1.22
Excess 0 0 1.67 = 1.24
Total (<) 32.1 * 3,2 6.79 * 0.68 10.4 + 1.0
Pomona - 8/17/73 - 2L hr
NaHSOy S 8.71=% 0.41 7.77 * 0.33 0 0 3.0 £ 1.4
NH@NGB 6.21 0.62 0 iy 81 = 0.48 1.40 = 0.4 2.57 * 0.26
(NHM)ZSO@ 4.1 £ 2.5 i0.2 = 1.8 0 3.83 £ 0.69
Excess 0 0] 2.09 £ 1.0}
Total (d) 1.0 1 & 4,81 x 0.48 7.32 + 0.73
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TABLE 8-12

ASSIGNMENT OF NON-ORGANIC SECONDARY SPECIES
TO CHEMICAL COMPOUNDS AND ASSOCIATED WATER (Continued)

Total (c) 50, NO~ NHy* H,)0
Rubidoux - 9/6/73 - 2L hr
NaHSOl* 12.0 # 0.3 9.61 £ 0,38 0 0 §2.0 + 1.7
NH4N03 54,7 £ 5.5 0 42 4 * 4.2 12.3 1.2 22.7 2.3
NHLHSO,, 0 0 0 0
Excess 0 0 0
Total (d) 9.61 * 0,38 42.4 * 4.2 12.3 1.2
Dominguez Hills - 10/5/73 =~ 24 hr
NaHS0,, 19.6 £ 0.7 15.7 = 0.5 0 0
NH;_'N03 1.21 * .12 0 0.936 = 0.094 0.272 = 0.027 68.7 + 2.3
(NH,),S0,  21.6 #+ 4.4 157 + 3.2 0 5.88 £ 1.19 .501 % 0.050
Excess 0 0 0.548 = 1.4
Total (d) 31.4 = 3.3 0.936 = 0.094 6.70 £ 0.67
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gases converted by atmospheric reactions. As shown in Table 8-13, most of the
seroscl carbon came from secondary conversion with only small contributions
from the individual primary sources.

(90)

Recent measurements indicate that about two-thirds of the organic
fraction of the Pasadena aerosol is carbon on those smoggy days when the
aerosol carbon is dominated by atmospheric conversion. This is in good agree-

{91}

ment with the results reported by Mader, et al. Thus, the organic fraction

of the aerosol which results from gas-to-particle transformation was assumed to
be 3/2 of the excess carbon found from the carbon balance.

The results of the carbon balance for the 1973 period are shown in Table
8-14. The carbon concentration in the motor vehicle sources (auto exhaust,
diesel exhaust, and tire dust) was assumed to be that in Table 8-6. Aircraft
and agricultural sources were assumed to be 100 percent carbon. The fraction
in industrial emissions was assumed equa} tc the total filter measured fraction
and ranged from 6 to 18 percent. The large primary carbon contributions at
Rubidoux were due primarily to the large scaling for estimating aircraft from
sutomobile contributions in Riverside County and the large carbon content

assumed for aircraft emissions.

£. SIZE DISTRIBUTIONS OF PRIMARY SQURCES
The method of estimating source contributions can be checked in part by
comparing predicted and measured size distribution after accounting for

(84)

used size distri-

(92)

particle growth. For the primary sources, Heisler et al.
butions of auto exhaust, sea salt and soil dust reported by Whitby et al.,
WOOdCOCk(93) and Blifford(gh), respectively. More recent data have now become
available for the size distributicas of these sources.

Woodcock(93) made measurements of sea salt over the Pacific Ocean near
Hawaii for a range of particle diameters from approximately 1.25 um to 10 um.
More recently, Junge(95) has repcorted the size distribution of marine aerosol

ollected over the Atiantic Ocean for periods with and without contributions of
particles from the Sshara. His measurements include particles smaller than
1 um in diameter. Junge's data for particles with diameters ranging from

0.25 pm to 12. ym (without the contribution of dust from the Sahara desert)
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TABLE 8-13
CARBON BALANCE BASED ON 1972 DATA (a)
Pasadena Pomona Riverside Pasadena Pomona
9/20 10/24 9/20 9/20 10/24

Carbon Source 24-hr 24-hr 2h-hr 1200-1400 1200-1400
Auto Exhaust (b) 2.1 2.9 1.6 2.4 2.6
Diesel Exhaust (c) 1.4 1.9 0.9 1.6 1.3
Industrial Emissions (d) 1.2 1.7 4,2 1.4 1.6
Aircraft Exhaust (c) 1.3 1.8 7.4 1.5 1.7
Tire Dust (e) 0.4 0.6 0.3 0.5 0.6
Agriculture (c) - - 3.7 - -
Organic Conversion 19.7 19.5 16.5 22.3 28.0

as C (by difference)

(a)

(b)
(c)
(d)
(e)

Values in ugm/m® are taken te 0.1 ugm/m3 for bookkeeping purposes only.
Since diesel, industrial, aircraft and agriculture emissions are scaled
to auto exhaust using Table 8.12, it is not possible to give error
values for these estimates.

Carbon assumed to comprise 90% of tar in particulates.
Assumed 100% carbon.

Assumed equal to fraction of carbon found in aerosol, ~25%.
87.3% carbon, after Friedlander (1973).
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TABLE 8-14
CARBON BALANCE (a)
West Covina Pomona Rubidoux Dominguez Hills
7/24/73 8/17/73 9/6/73 10/5/73
Source 1200 - 1400 1200 - 1400 1200 - 1400 1200 - 1400
Auto Exhaust + 5.83 + 0.24 4 o + 0.17 2.24 £ 0.09 1.92 + 0.087
Tire Dust +
Diesel Exhaust
Aircraft (b) 2.51 £ 0.10 1.95 = 0.07 7.45 + 0.28 0.82 £ 0.03
Industrial (c) 1.64 £ 0.07 1.15 = 0.06 1.34 + 0.12 0.44 = 0.02
Agricultural (b) 0 0 5.37 = 0.22 0
Sum of Primary 9.99 * 0.41 7.64 £ 0.30 16.4 = 0.7 3,18 £ 0.13
Carbon
Totai Carbon 47,6+ 2.4(d) 39.8 * 2.0(d) 20.66 + 1.52(e) 19.58 + 1.35(e)
Secondary Carbon 37.6 * 2.k 32.2 £ 2.0 426 £ 1.7 16.4 = 1.4
Organics-Secondary 56.4 % 3.6 k8.3 * 3.0 6.39 £ 2.55 2.6 = 2.1

(z2) Values in ugm/m?

{b}) Assumed 100% carbon

{c) Assumed 19% carbon

{d) Total carbon by conversion to €0,

(e) Scaled from FID analysis using y = 1.75 + 1.26x where y is value shown and

x is measurement by FiD. Equation is least squares best fit from data where
both types of measurements were available,
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TABLE 8-14
CARBON BALANCE (Continued)
West Covina Pomona ' Rubidoux Dominguez Hills
7/24/73 8/17/73 9/6/73 10/5/73
Source 2L Hr 24 Hr 24 Hr 24 Hr
Auto Exhaust + 5.62 + 0,23 3.02 + 0,12 2,17 * 0.09 1.63 + 0.06
Tire Dust +
Diesel Exhaust
Aircraft (b) 2.42 + 0,10 1.29 =+ 0.06 7.23 + 0.3] 0.703 * 0.28
Industrial (c) 1.02 = 0.04 0.434 + 0.03 0.947 + 0.042 0.185 + 0.008
Agricultural (b) 0 0 3.62 =+ 0.15 0
Sum of Primary. 9.06 + 0.37 ° 4.74 =* 0.21 14,0 =+ 0.6 2,52 +0.10
Carbon
Total Carbon 2h.1 £ 1.2(F) 164 £ 0.8(F) I5.1 o+ 0.8(f) 10.6 =z 0.5(f)
Secondary Carbon 15.0 %= 1.3 11.7 + 0.8 1.10 £ 1.00 8.08 = 0.51
Secondary-Organics 22.5 * 2.0 17.6 = 1.2 1.65 + 1.50 12.1 + 0.8

(f) In particles smaller than 3.5 um diameter. Measured by conversion to C02.
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were used as the characteristic sea salt size distribution in the calculations.
The sea salt size distribution used is shown in Figure 8-4.

The size distributions for soil dust are based on recent measurements by the
Air Resources Board mobile van in Goldstone, California, a desert region well
away from other sources. The volume distributions for several time periods
{(hormalized to the total volume measured in the sampling period) are shown in
Figure 8-5. These volume distributions are bimodal, but as discussed beiow,
the lower mode is probably oniy in part soil dust. Included in Figure 8-5 is
3 volume distribution of aerosol that was sampled over several hours during
which the wind had been blowing across a dry lake. The sclid line in Figure 8-5
represents the volume distribution used for soil dust in the calculations; the
number distribution appears in Figure 8-L.

Size distributions of aerosol from the Harbor Freeway in Los Angeles were
obtained by the Air Resources Board's mobile van in September 1972. During two
sampling periods on September 20, the wind came directly from the freeway to
the mobile van. During the first of these two periods (0500-0700), the ambient
lead concentration measured at the sampling site was 23 ug/m3, while during the
second period (1700 - 1900), the lead concentration was 11.5 ugm/mB. The meas-
ured volume distributions of aercosol for these two two-hour periods were
averaged and normalized to their respective lead concentrations. The resulting
normalized distributions are shown in Figure 8-6*%. For particles with a dia-
meter in the range of 0.1 pm to 1.0 um, the normalized distributions are quite
similar. Below 0.1 um, it is believed that small particles from other local
sources cause the deviation between the two distributions. Contributions from
sea salt and soil dust probably rcsult in the deviations above 1.0 um. Since
Figure 8-6 is normalized to the measured iead concentration, particles not
associated with lead {i.e., particles from sources other than freeway emissions)

would not be expected to have similar size distributions on this type of graph.

¥T¢f should be noted that the approach of Whitby et al.(8]) gives a somewhat
di fferent aerosol distribution for motor vehicle exhaust than the Gartrell and
Friedlander(85) method described here. This difference has not been resolved
an yet.
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Figure 8-4. Size Distributions of Sea Salt, Soil Dust and Freeway Aerosols.
Total Volume are 7.5, 6.7 and 80.6 um /cmé, respectively. Data of Whitby
et al. From ACHEX.
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Data from the Lundgren impactor and the associated after-fiiers used at
the freeway indicate that most of the lead is associated with particles smaller
than 0.8 um. For this reason, and because much of the volume above 1.0 um came
from sources other than the automobile, that portion of the size distribution
for particles with diameter greater than 1.0 um was truncated. Figure 8-4 shows
the size distribution used for auto exhaust in the calculations. This distri-
bution for particles in the range 0.01 - 1 um was averaged over the period from
0500-0700 (chosen because of the high lead concentration reported in that
period).

There are few data on the size distributions of aerosols from other pri-
mary sources. The freeway size distributions include diesel exhaust as well as
automobile emissions. Foillowing the assumptions made by Heisler 93_913(84)
aircraft exhaust was assumed to be similar to the freeway aerosol, and cement
and tire dusts to soil dust. The industrial emissions were assumed similar
to the sum of all the other scaled distributions. The chemical element
balances indicated a very small fuel oil fly ash contribution which was omi tted

in the calculations.

1. COAGULATION OF THE PRIMARY DISTRIBUTION

The automobile is the major source of atmospheric lead pollution in Los
Angeles and the major source of primary particulate pollution in the submicron
size range as well, Most of the lead fallout occurs near the roadways and is

(96)

in the large particle size range Hence the ratio of total number concen-
rration to lead concentration is a measure of the extent to which coagulation
has oaccurred in the automcobile emissions and is an indication of the age of
the aserosol. As shown in Table 8-15, this ratio was highest at the freeway and
smaller elsewhere. For this reason it was necessary to take coagulation into
account in estimating the change in the freeway emissions away from their
source.

In the calculation of cocagulation rates, a ''Monte Carlo' method was
employed. The technique, as wel!l as the computer program used, are described

(97)

in detail by Husar The technique amounts to determining the probability
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TABLE 8-15

RATIO OF NUMBER CONCENTRATION TO Pb CONCENTRATION

' 3
Pasadena 9/20 1200-1400 PST (a) 5.8x10" t_m

cC ugm
Pomona 10/24 1200-1400 PST (b)  2.2x10%
Harbor 9/20 0500-0700 PST (b)  8..4x]o%
Freeway

(a) Based on condensation nuclei counter

(b) Based on Whitby analyzer
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bij that two particles of size Dpi and Dpj will collide. A number between zero
and one is chosen at random and this number is used to determine the particles
invoived in the collision. After each collision, the bij‘s are re-evaluated
(since the number distribution has changed), and the next random number is
chosen.

The probability bij that a particle of size Dpi collides with a particle
of size Dpj is given by:

= c. N.N./.Z Z.c..N.N, (8-4)
i == i ]

bij
where Cij is a rate constant of coagulation and is a function of particle size,
and Ni is the number of particles with a diameter of Dpi' For particles in the
transition regime, (i.e. with a diameter such that 0.01 um <:Dp'< 0.1 um for

(98) as:

air) <5 is given by Fuchs

Cij = znﬁij(Di+Dj)(Dpi+Dpj) (8-5)

where Di is the giffusion coefficient and Bij is a number depending on particle
size and r.m.s. velocity. For the calculations, the particles were grouped into
size ranges of equal-log intervals of Dp, with the log mean diameter of the
interval used for D

Because the number of particles with Dp > 0.1 um is small compared to the
total number, the coagulation process was carried cut only for particles with
Dp < 0.1 um. To reduce the total computation time, a unit volume was chosen for
which the total number of particles was about 50,000. If the number of particles
in a given size range became too small, random fluctuations in the process'
caused excessive errors for the range. Therefore, the size distributions
resulting from the coagulation process were cut off above the smallest size
range for which the final number of particles was less than 200. Points between
the cut off size and the original size distribution {which was used for particles
greater than 0.1 um in diameter) were interpolated as shown in Figure 8-7. The
two size distributions which resulted from the coagulation calcuiation were used
as the frceway size distributions in calculations for the two-hour periods at

Pomona and Pasadena.

8-46



VOLUME 1V

‘ ‘ Science Center
Rockwell International

SC524, 25FR
108 7N a ®w CALCULATED
USED FOR ‘ POINTS
PASADENA :
\“— MEASURED
9720 ; HARBOR
FREEWAY
107
USED FOR ‘
POMONA 10/24
|()G._
AN_
dD,
()
Cma—lu.m
105 MEASURED ,
HARBOR
FREEWAY —— >
g()4 -
3(33 1 |
0.00! 0.0i O.i 1.0
Dp (/J.m)
Figure 8-7. Results of Coagulation Calculations. Measured Freeway

Distribution is Shown.

Points Indicate Calculated Values;
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Connecting points are Interpolated Values Used in Growth

Calculations.
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The average time between collision of two particles is given by:

i

AT = (2 2 c..N.Nj)" (8-6)

i=1 j=i _

Calculations were made to determine the average time for the coagulation pro-
cess using Eq. (8-6). The interval AT is a function of the particle concentra-
tion, and must be re-evaluated after each collision. The total time for the
coagulation is:

Nt-Nf

T =2 ATk (8‘7)

k=1
where ATk is the average time between the (k-l)th and the kth collision. The
results of this calculation showed that for Nt/NF = L4, that is, total number of
particles reduced to 1/4 the initial number, the time scale of the process was
about 400 seconds. This time is of the same order as the time found by Husar
{1671) in experiments on the coagulation of particles of similar concentration
and size range. In the atmosphere, the time would actually be greater because

of the mixing processes.

2. GROWTH CALCULATICNS
(84)

Heisler et al. considered three processes for the conversion

of organic gases and sulfur dioxide to the particulate phase and found that a
diffusion controlled growth law which included the Kelvin effect agreed best

with the experimental data. One difficulity with this approach is that it re-
aquires a somewhat arbitrary cutoff diameter, beiow which no condensation of
organic material was allowed. Other growth processes considered by Heisler

et al. were a diffusion controlled process without a Kelvin effect, which

showed poor agreement with the experimental data, and a homogeneous, irreversible

chemical reaction in the particulate phase, which follows the volume growth law:

dv Y -
i K(t)Dp (8-8)
where v is the particle volume, K{t) is a rate coefficient, and 7Y=3. In this

paper, the power law growth relation, Eq. {8-8), has been adopted with values
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of 7 adjusted to fit the experimental results.

To evaluate the number and volume distributions resulting from the
growth calculations, the following method was used: Integrating Eq. (8-8)
with v=ﬂDg/6, one finds that for ¥ # 3.

t
1 2K (t)
3=Y _ 37y 8-
375 (Dp Dpo) J 7 dt (8-9)
o
and for v=3
t
D
K
BE—— = exp { I gﬁiil-dt} (8-10)
po o

The right-hand sides of these equations are functions of time only, and are
chosen such that the total volume after the growth is equal to the sum of the
total volume before growth and the volume of the material added to the aerosol.

For the new number distributions, the result is:

an _oan . B v (0 ) 2 (8-11)
dD ~ dD dD T dD D
p po P po po
and for the new volume distributions:
dv _ dV0 ?P 4 dDPo _ dVo Dp 6_7(8-12)
dlegD dlogd D dD diogD D
P po po P po po

These equations hold for v=3 as weli as v<3.

The composition of tne aerosol from chemical element balances and from
the experimental data is given in ugm/mB. Since the conversion processes are
concerned with aerosol volumes and not masses, densities were required for the
various constituents of the aeroscl. The densities used in the calculations
were those estimated by Heisler et gl.(sh). The value for nitrate was assumed
to be 1.3. For the growth calculations, it was assumed that nitrate was

present in the aerosol as saturated ammonium nitrate. In this way, some,
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if not all, of the reported ammonium found in the asrosol could be accounted

for in the growth calculations.

3, RESULTS OF THE COAGULATION AND GROWTH CALCULATIONS

Coagulaticn and seccndary conversion calculations were carried out for the
two-hour pericds at Pomona and Pasadena. Based on the chemical element
batance for Pomona on October 24 and Pasadena on September 20 (both covering
the period 1200-1400 PST), the sea salt, soil dust and coegulated freeway
distributions were scaled such that the totai volume of a given source was
equal to the mass of the source divided by the appropriate density. The sea
salt component was assumed to be saturated, and water (3.7 ugm/m3 for Pasadena
and 6.0 ugm/m3 for Pomona) was included in the sea salt contribution before
scaliing., The primary size and‘voiume distributions calculated in this way
are shown in Figures 8-8 through 8-11. Following Heisler gﬁ_gl:(Sb), it was
assumed that the sulfate and nitrate conversion process followed a cubic
growth law (v = 3).

Several values of 7 were used for the organic conversion process, and it
was found that as 7 decreased, growth occurred increasingly in the smaller
sized particies. Best agreement with the data for Pomona was found with
v = 2.7 for the organic conversion. Figures 8-8 and 8-39 show the results
of the secondary conversion calculations for Pomona along with the experimental
d;ta. Agreement is best in the size range 1.0 um < Dp < 1.0 um. There is a
deviation between the calculated and measured distributions in the upper and
iower portion of the size spectrum. The spike in the volume distribution at
about 1.1 um is caused by a discontinuity in the primary size distribution.
This discontinuity is caused by the sea salt distribution, and presumably
would be smoothed cut by coaguiation for a well aged aerosol. No attempt was

'age'’ the primary aerosol with the Monte Carlo method of

made , however, to
coagulation, except in the Tower end of the freeway spectrum.

For the Pasadena data, shown in Figures 8-10 and 8-11, a value of
v = 2.3 for the organic conversion gave the best agreement beitween the calcu-

lated and experimental distributions. However, no measurements were made for
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Figure 8-9. Primary Number Distribution Based on Chemical Element Balance,

and Final Number Distribution after Secondary Conversion Calculations

for Pomcna. Points are Experimental Data.
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particles with a diameter less than 0.3 pm; thus it is not known if the lower
end of the size distribution is correct. It is possibie that for the smaller
particles, the Kelvin effect plays a role in the distribution of organics
according to size, and that the chemical composition of the particles is an

important factor in the growth processes.

L. SiZE DISTRIBUTION OF CHEMICAL ELEMENTS

Chemical elements in the atmospheric aerosol are distributed with re-
spect to size in a way which depends on the sources of particulates and on
atmospheric conversion processes. Air quality standards may eventually take )
this into account by considering particulates above and below one or two
micrometers separately.

Calculations of the distributions of elements with respect to size
and comparison with experiment permit a more severe test of the source
breakdown calculations made in the previous sections. We have carried out
such calculations assuming that the mass fraction of an element in each pri-
mary source is independent of particle size. Table 8-16 shows the calculated
fraction of certain chemicai species in particles smaller than 1.5 um,
together with measured values when available. Measured values are based on
Lundgren impactor data calibrated for unjt density spherical particles; the
data have not been corrected for density effects.

Calculated values for sodium and lead are in good agreement, while
agreement for aluminum is poor. |If the volume distribution measured at
Goldstone (Figure 8-5) is all soil dust, the calculations predict more alu-
minum in the smaller sizes than actually found. If, on the other hand, only
particles larger than 1 um are soil dust, the calculations predict too little
aluminum in the smaller sizes. Most of the particles greater than 1 um found
at Goldstene are probably of soil dust origin, while only a fraction of the
smaiier smaller particles are from soil dust,

Table 8-16 also includes calculated values for secondary conversion
products; the calculations indicate that most of these species exist on
particles smaller than 1.5 um. This is true also for lead and the calculations
are confirmed by the experiments. Sodium, on the other hand, comes primarily

from soil dust and sea salt and is assoctated with the larger particles,
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Figure 8-11. Primary Number Distribution Based on Chemical Element Balance,

and Final Number Distribution After Secondary Conversion Calculations

for Pasadena.

Points are Experimental Data.
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TABLE 8-16

FRACTION OF CHEMICAL SPECIES ON PARTICLES SMALLER THAN 1.5 um

Pasadena Pomona

9/20/72 10/24/72

1200-1400 1200-1400

Calculated Measured Calculated Measured

Na A .36 = .07 .29 .20 £ .03
Al .56, .06 (a) .38 + ,02 .52, .01 {a) 10 = .01
Pb .99 U .99 .95 + 01
50, .89 U .72 u
NO? .89 U .72 U
Organics .98 u .80 u

{a) Higher value assumes Figure 8,5 is all soil dust, lower value assumes
only particles greater than | um in Figure 8.5 are soil dust.

U = unknown
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Calculations of the detailed distributions with respect to size, not
shown, are in only fair agreement with experiment. One source of inaccuracy
in the experiments is the bouncing of large particles which are carried to
lower stages of the impactor. Needed, also, are better data for the distri-
bution of chemical elements with respect to size for the primary sources, as
well as more information on atmospheric growth laws.

Light Scattering and Secondary Conversion

Measurements of the light scattering coefficient, bs’ were made with an
integrating nephelometer while filter samples of aerosol were being collected
during the intensive sampling periods. At Pasadena, on September 20, 1972,
from 1200 - 1490 PST, the average value for bS was 2.3 x lo-hm—] while the
relative humidity was approximately 20% over the period. At Pomona, on
October 24, from 1200 - 1400, the average value for bs was 8.3 xilo-hm-]
with a relative humidity near 50%.

The extinction coefficient can be calculated from the size distribution

using the following equation:

A, D
2 p D mD2
b = J J 2 90K B R dN db_ dA

s 2 I de
M Dpl (8.13)
>\?_
where j g(A)dr =1
by

where X is the wavelength of the incident light, g(x) is the spectral distri-
bution of suniight at the surface of the earth, and K, the light scattering
efficiency factor, is a function of the index of refraction of the particle, m.
The index of refraction for smog aerosol was assumed to be 1.5, a value

(62)

calculated values for bS using the 1969 data for the Pasadena aerosol.

which Ensor et al. found to give good agreement between measured and

Values for K were calculated using an |BM subroutine, DAMIE. The double
integral was evaluated numerically, using the size distributions obtained

from the results of the coagulation and growth calculations. The limits of
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the integration were .390 um to .700 um for the wavelengths of 1ight and

.05 um to 4.0 um for the particle diameters. These calculations yield values
for bs of I.BXIO_qm~] for Pasadena and 6.5X10_hm_] for Pomona. For the pri-
mary size distributions (Figure 8-8) before growth, by was calculated to be
0.6%10-4m_] and O.BXﬁ0~hm_] for Pasadena and Pomona, respectively. One can
easily see the effects of the formation of secondary particulate matter.

There are several possible reasons why calculated scattering coefficients
are low compared with measured values. In the secondary conversion process,
water other than that associated with the sea sait and the ammonium nitrate
conversion was not added to the aerosol. The water content for Pomona was
not known. Better agreement would have been obtained for Pasadena if the
sdditional 8 ugm/m3 water had been included but a suitable growth law is
not yet available. In addition, the fiashtube used in the nephelometer has
a wavelength distribution function which does not correspond exactly to
that of sunlight at the earth's surface.

Caiculations were made to determine the functional relationship between

o_ and the total volume of the secondary conversion products. A growth law

wn

of v = 2.8 was applied with the calculated primary particle size distribution
for the September 20 time period in Pasadena. The Value of 2.8 was chosen

as a rough average between the lower vaiues found in experiments on organic
conversign, and the value assumed for sulfate and nitrate conversion. As
shown in Figure 8.12, the calculated values for bs are nearly a linear
function of the voiume of secondary material. The function is given approxi-

mately by the expression:

3 _L -
Converted Volume (EE@) = 21.2 (bs(10 “m ])-0.6) (8.14) .

Assuming a density of 1.4 for the aerosol, and including the primary mass,

the result is:

Total Mass (%%E) ~ 33(bs(10—“m-])+0.h) {8.15)

which compares weil with the relation given by Charlson et al. (1969):
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mass (ugm/m3) = 38bs(10‘hm‘]).

While bS may often correlate well with total aerosol mass, this may not
always be the case. Measurements at the Harbor Freeway showed that while the
total mass may be quite high, bs may be rather small because the aerosol is
made up of very small particles which do not scatter light efficiently. in
addition, relative humidity plays an important role in the light scattering
properties of an aerosel, and since water that has been associated with the
aerosol may be lost between the time the aerosol was sampled and the time
it is weighed, further discrepancies may occur in relating mass to the light

scattering coefficient.

Conclusions

The results of the analysis of the 1972 data support, in a general way,
the method developed in previous publiications for relating the characteristics
of the poiﬁutioﬁ aeroscl to its sources. The caiculation of the relative
contributions of the various sources is based on a chemical element balance
and is independent of the wind field. Hence, it is particularly useful in
dealing with long term average data such as those given in the air gquality
data summaries{99). Both coagulation and growth processes as well as
sedimentation depend on the time history of the aerosoi. The growth
calculations are empirically based and can be improved by taking intc account
the geographical distribution of sources and the wind field (]00). Such
calculations should be verified as shown in this paper by comparing predicted
size and chemical element distributions with measured values. _

The visibility depends approximately on the total volume of material
condensed from the gas phase. This includes sulfates, nitrates, organics,
ammonia together with associated water. Only two two-hour sampling periods
were analyzed in detail but the results indicate that ail of these species
contributed significantliy. Improving visibility on days when pollution (and
not sea fogs) plays the major role will require a major reduction in aerosol

precursor gases.
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The results of the calculations on the 13873 observations tend to support
the general method. The results are not very different from those found by

(85)

Gartrell and Friedlander for the 1972 aeroscl data. The estimated

chemical composition of the primary freeway aercsol is similar to the composi-
tion estimated previously based on data from various sources for exhaust from

individual automobiles.
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D. STATISTICAL INTERPRETATION

. INTRODUCTION

This section deals with the third approach to the investigation of sources
(10i1)
. The

conclusions are based on statistical interpretation of the large volume of

and ambient aerosols and uses a method developed by White et al.

data obtained in 1973 from ACHEX |l, according to our present understanding
of the physical and chemical processes involved. This discussion makes use
of the formuiation in Section il!1-A-4 of the State standard for atmospheric
visibility in terms -of the light-scattering coefficient of the ambient
aeroscl, which was measured systematically throughout the study. A summary
of the theory relating the light-scattering coefficient of an aerosol to its
composition is also given in this eariier section. Conclusions are based
primarily on measurements made with the ACHEX mobile van during the 61 '‘two
hour"! sampfing intervals shown in Table 8-17. The notation, units, and
analytical techniques are summarized in Table 8-18.
2. STATISTICAL METHODS

The interpretation of the data is based largely on the results of step-
wise multipie linear regression analyses performed with a standard computer
routine. In general, regression of a variable Y on variables Xi’ cee, X

n
. . - . . .. . 2
determines coefficients ¢ .e., ¢_which minimize the variance &~ of the
’ n

19
quantity Y - ?cixi. Coefficients are set tc zerc if the corresponding
variables are'not statistically significant in reducing 52. In the regres-
sions reported here, an F-ievel of 4.0, corresponding to about the 95%
confidence level, was required to enter or remove a variable.

The notation (n,y,r) at the end of a regression relationship means that
regression was performed oﬁ n observations for which the mean value of the
dependent variable was y, and produced a multiple correlation coefficient of
r. The number of observations can fluctuate slightly with changes in the
set of variables, due to missing data. The square of the correlation coef-
ficient is the proportion of the variance of the dependent variable which is

expiained by the regression relationship:

2 02‘82
r =4

(8-16)

J
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TABLE 8-18
MOTATION, UNITS, AND ANALYTICAL TECHNIQUES
bScat (10-hm—}) aerosol light scattering coefficient, nephelometer
MASS (ug/ms) aercsol mass concentration, gravimetric
NOén (ug/m3) particulate nitrate concentration, wet chemistry(a)
SOI:= (pg/mj) particulate sujfate concentration, wet chemi;try
TNPY (ug/mB) particulate carbon concentration, flame ionization detector
CEL (ug/m3} particulate carbon concentration, ashing
C (ug/m3} estimated CEL, C = 1.26 TNPV(b)
NITRATES (ugme) estimated concentration of particuiate nitrate compounds
as ammonium salts, NITRATES = 7.3 NO;
SULFATES.(ug/mS) estimated concentration of particulate sulfate compounds
as ammonium salts, SULFATES = 1.3 SO,
ORGANICS (ug/mB) estimated concentration of particulate organic compounds

as oxygenated hydrocarbon compounds, ORGANICS = 1.4 C

+ o . . . .
NH,, (ug/mB) particulate ammonium jon concentration, wet chemistry

Na (ugfmj) particulate sodium concentration, neutron activation

Aj (ugimB} particulate aluminum concentration, neutron activation

3
E\“asea salt

sea salt, Na = Na - (.025/.082) Al

sea salt

(ugme) estimated concentration of particulate sodium due to

SOIL DUST (ug/ms) estimated conclutration of soil dust, SOIL DUST = (1/.082) Al

Pb (ugme) particulate lead concentration, x-ray fluorescence

Ni (Mg/mB) particulate nickel concentration, x-ray fluorescence

3y

¥ {ug/m’} particulate vanadium concentration, neutron activation

CO0 {ppm) carbon monoxide concentration, gas chromatography, followed by

flame ionization detector

NOX {ppm) nitrogen oxides concentration, chemiluminescence detector
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TABLE 8-18 (continued)

S0, (ppm) sulfur dioxide concentration, gas chromatography, followed by

flame photometric detector

NT (ug/m3) nitrogen concentration, NT = 573 x NO_ + (14/46) x NO3

St (ug/m3) sul fur concentration, S; = 1309 x 50, + (32/96) «x S0,

(a)The values of NOé-obtained on 3/22/74 for four total filters which had

passed through the neutron activation procedure were anomalously low.
In our calculations we use interpolated values for these four samples:
interpolated N0£'= MASS (BNO£'/BMASS + ANOé-/AMASS)/Z, where the pre-

fixes B and A denote the values for the samples taken immédiately before

and after the sample in question.

(b)

Both types of carbon analyses, TNPV and CEL, were made on a total of
L7 after, total, and two-stage hi-vol filters. On the evidence of these

data, TNPV and CEL appear to be related by the following formula:

CEL = 1.26 TNPV + 1.7 + 2.6
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Here 02 is the original variance of the dependent variable and 52 is the
variance remaining after regression.

We will be interested only secondarily in the amount of scatter in a
regression relationship; our primary interest will be the determination of
the coefficients of the relationship. The physical or chemical significance
of these coefficients of course ultimately depends on the validity of the
underlying linear model tested. For this reason, the models used in regres-
sion analyses are restricted to those which have some basis in our under-
standing of the physical and chemical processes invoived. Assuming that
the model used in the regression is correct, the accuracy with which the
coefficients in the model are determined depends not only on the scatter in
the relationship, but also on the degree of intercorrelation among the
variables. In the regressions which follow, coefficients whose standard
error, calculated from the covariance matrix of the variables, exceeds 20%

will be marked with an asterisk (=).

3. Mass Concentrations of Nitrates, Sulfates, and Organics.

in terms of mass concentration, the three most important elemental and
jonic species found in the aerosols sampied were NO{, 50:3 and C. In this
section we discuss the probable nature of the nitrate, sulfate, and carbonaceous
compounds these represented in the aerosol, and describe their distribution with
respect to particle size.

Likely nitrate and suifate compounds in the aerosol include ammonium salts
formed by absorption of ammonia from the gas phase, and sodium salts formed by
repiacement of chloride in sea salt. A mole balance on the 24-hour hi-vol
samples from the mobile van indicates that most of the nitrate and sul fate ion

can be accounted for in this way:

+ =
NH NO (so, - (96/L46) Na )
4 _ 3 ok sea salt
-—TB— = .06 + 90féz—+ 1.55 96 + .0k (8"]7)

-

(h=11, ¥ = .43, r=.988)
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This result indicates that nearly all of the nitrate is ammonium nitrate, and
at least three-fourths of the sulfate not associated with sea salt is ammonium
sulfate or bisulfate.
+ -
Expression (8-17) was obtained by regression of NHH on NO3 and
(Soh - (96/46) Nasea salt

), where Na is calculated from sodium and
aluminum concentrations as in Miller et al.

sea salt(]6) } o
. In this model, it is assumed
that marine sodium chloride is converted to sodium sulfate. Other possible
models for regression, in which sodium chloride is converted to sodium bi-
sulfate or sodium nitrate, produce slightly poorer fits. The consensus of
these is that the average mass ratio of compounds to ion for both nitrates and
sulfates should be about 1.3:
NITRATES/NO; = SULFATES/SO, = 1.3

In analyses of one and two-hour hi-vol filter samples taken at Pasadena
during the period of ACHEX 11, Grosjean and Friedlander(53) found that most
of the carbon was contained in organic compounds, whose carbon content ranged
from 67 percent for the polar fractions to 85 percent for the non-polar
fractions. Based on the predominance of polar material they found in their
samples, we estimate—the average ratio of organic compounds to elemental

carbon in the aerosol to be about 1.4 (100%/71%) :
ORGANICS/C = 1.4

Table 8-19 gives the average mass concentration of nitrates, sulfates,
and organics in the two-hour samples from the mobile van, based on the scaling
factors estimated above. These three components account for over half of the
average aerosol mass. Judging from the eleven two-hour samples analyzed for
~aluminum, soil dust accounts for 35-40 percent of the remainder, leaving an
average of about 60 ug/m3 to be attributed to water and primary anthropogenic
aerosols.

The light scattering effectiveness of an aerosol depends not only on its
chemical composition, but on the distribution of particle sizes as well.

~
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TABLE 8-19

ESTIMATED BREAKDOWN OF AEROSOL MASS CONCENTRATION FOR
TWO-HOUR AEROSOL SAMPLES AT MOBILE VAN

AVERAGE MASS CONCENTRATION (ug/m3)

Total of 199 ug/m3 Derived From:

All Sources Gasoline Fuel & Crude 0Oil
Nitrate Compounds k1 32 9
Sulfate Compounds 33 5 28
Organic Compounds 30 30 0
Sum 104 67 37
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Table 8-20 shows the average mass fraction of each aerosol component which was
found in particles less than one-half micron in diameter.

It is evident from Table 8-20 that the chemical composition of the aerosol
varies with particle size. The smaller particles were found to be enriched
with carbon, while nitrate and aluminum were concentrated in the larger particles.
Although its effect cannot be determined with high accuracy from our data,
ambient relative humidity appears as an important determinant of particle size.
Nitrate and sulfate size distributions are particularly affected by relative
humidity; this is consistent with the known hYdroscopicity of the probable
nitrate and sulfate compounds in the aerosol, but may also reflect humidity-
dependent formation mechanisms for these compounds .
3. LIGHT SCATTERING BY AEROSOLS OF SULFATE, NITRATE & ORGANIC MIXTURES

It is our objective in this section to quantify the contributions of

nitrates, sulfates, and organics to aerosol light scattering. This is a
difficult problem, because of the complex dependence of the light scattering
coefficient on aerosol composition. Our approach will be to establish a
simple approximate relationship, of the form relating b scat and the constituents
to sulfate, nitrate and other materials, dominated by organics.

Ambient aerosols are distributed with respect to particle size, and b /

scat
MASS for such an aerosol is obtained by averaging:

Scat/MASS = f G(Dp)mass(DP)dDP . (8-18)

where G(Dp) is the ratio for a monodisperse aefosol, given in Equation (3-8),
and mass (Dp) is the normalized aerosol mass distribution. It is found
empirically that this ratiz has a fairly narrow distribution for ambient Los
Angeles aerosols. The approximate proportionality between b cat and MASS for
60 two-hour samples taken at the mobile van was illustrated in Figure 3-10.
The average bscat/MASS for these sampies was .032, with a standard deviation

of .009:

Scat/MASS = .032 + .009 (3-10)
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TABLE 8-20

RATIO OF MASS ON AFTER FILTER (PARTICLE DIAMETERS LESS
THAN 0.5u) TO MASS ON TOTAL FILTER (PART!ICLE DIAMETER LESS
THAN 15u) FOR INDIVIDUAL AEROSOL COMPONENTS.
(AVERAGE AND STANDARD DEVIATION OF TWO-HOUR AEROSOL
SAMPLES AT MOBILE VAN. CARBON CALCULATED FROM 18 TWO-HOUR
SAMPLES FOR WHICH CEL WAS MEASURED. ALUMINUM CALCULATED
FROM 11 TWO-HOUR SAMPLES ANALYZED BY NEUTRON ACTIVATION.)

AF/TF Average

Aeroscl

Component Overall RH <60% RH > 60%
Total Aerosol .37 £ .10 .43 + .06 .30 £ .09
Nitrate .33 + .16 .39 = .10 .28 = .19
Sulfate 49 £ .20 bt 12 3hox L1k
Carbon .72 = .13
Aluminum .08 £ .09
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Some variability in the ratio bscat/MASS is to be expected, since chemical
compositions and particle size distributions differ from sample to sample. It
was found that some of the deviation in (3-10) was in fact associated with

variations in aerosol composition:

bscat/MASS = ,020 + .056 SOh / MASS (8-19)

+ . 064 u2 NO3

/MASS + 006
(hn =58, y=.032, r=,724)

Here, p denotes the ambient relatjve humidity: pu = ¥RH/100. As shown in
Figure 8-13, the ratio bscat/MASS tended to be higher than average for aerosols
rich in sulfates and nitrates, and lower than average for aerosols poor in
these compounds. ‘

We can rewrite (8-19) in a suggestive form if we use the conclusion of

the last section that NITRATES/Nog- = SULFATES/SO, = 1.3. Simple algebraic
manipulation of (8-19) then gives

bscat/MASS

.020 (MASS - SULFATES - NITRATES)/MASS
+ (.020 + .056/1.3) SULFATES/MASS

+ (.020 + .064 u/1.3) NITRATES/MASS + .006,

or:

b oo/MASS = .020 (MASS - SULFATES - NITRATES)/MASS
+ 0.62 SULFATES/MASS
+ (.020 + 049 %) NITRATES/MASS + .006 . (8-20)
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in (8-20), bscat/MASS is presented as the average of three djfferent values,
weighted according to the composition of the aerosol. The variable estimate
for bscat/MASS obtained in this way is a significant improvement over the
constant estimate of (3-10).

What we have done in (8-20) is to break the overall ratio b t/MASS into

terms corresponding to individual aerosol components as follows,

? (8_21)

scat/MASS Lc, (u) MASSi/MASS

where MASSi is the mass concentration of the ith component. The factor Ci(u)
in (8-21) is calculated as in (8-18):

CB(“) = J Gi(u,Dp) mass, (u,Dp) de , (8-22)

where mass ., (u,Dp) is the normalized component mass distribution. |If each
component of the aerosol possessed a characteristic normalized mass distribu-
tion which depended only on the relative humidity, then the factors C (u) wouid
be uniquely determined, and all of the variability in the ratio b /MASS
would be associated with changes in the mass fractions MASS. /MASS of the
aerosol components. The success of regression (8-20) |nd|cates that this is

tc some extent the case. -

It is natural, then, to identify Ci(u) MASS. as the contribution of the
ith aerosol component to the light scattering coefficient. This contribution
can be estimated from the coefficients of regression (8-20) and the measured
component mass concentrations. On this basis, sulfates and nitrates together
account for more than half of the light scattering observed in the two-hour
samples at the mobile van, as shown in Table 8-21.

The scattering power of a particle does not increase or decrease in
proportion when a mass of material is added or removed, because the resulting
change in particle size produces a change in the partucle S scattering to
mass ratio. " Caution is thus ca]led for when extrapolating (8-20) to conditions
greatly changed from those for which it was derived, and it may be safer to

interpret the numbers in Table 8-21 as the marginal, rather than the absolute,
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TABLE 8-21

ESTIMATED BREAKDOWN OF LIGHT SCATTERING COEFFICIENT FOR
TWO-HOUR AEROSOL SAMPLES AT MOBILE VAN

AVERAGE CONTRIBUTICN TO b (10_qm_])
scat

Total of 6.4 x 10‘le_1 Derived From:

All Sources Gasoline Fuel & Crude 0il
Nitrate Compounds 1.7 1.4 0.3
Sulfate Compounds 2.0 0.3 1.7
Organic Compounds. 0.6 0.6 0.0
Sum 4.3 2.3 2.0
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scattering contributions of the aerosol components. Notwithstanding these
caveats, examination of Figure 8-13 shows that the relationship in (8-20)
describes the ACHEX It light scattering data rather well over a considerable
range of variations in aerosol composition.

The coefficients of (8-20) are chosen to minimize the scatter relative
to aerosol mass concentration; the coefficients which minimize the absolute

scatter are slightly different:

b = -1.1 4+ .025 (MASS - SULFATES - NITRATES)
scat

+ .074 SULFATES + (.025 + .049 uz) NITRATES + .9 (8-23)
(h =58, y=6.4, r=.970)

Analogues of (8-20) and (8-23) are illustrated in Figure 3-10, where the line
through the origin with slope equal to average bscat/MASS minimizes scatter
relative to aerosol mass concentration and the steeper line with negative
bScat intercept minimizes absolute scatter. Because the strong correlation
of bscat with MASS has not been factored out of (8-23), the correlation
coefficient for this regression is much more impressive than the correlation
coefficient for (8-20). On the other, hand, precisely because the correlation
of bScat with MASS has been factored out of (8-20), the evidence from this
regression for the optical importance of sulfates and nitrates is the more
convincing. |

The functional relationships in (8-20) and (8-23) are but two of scores
which were tested in regressions. In this report we will simply summarize the
results.

Of all the significant statistical relationships found in our regression
of the light scattering data, those of (8-20) and (8-23) minimize the residual
scatter in Fhe data. All regressions selected SO;=, followed by NOé-, as the
parameters with the highest F - levels and the lowest standard errors in their

coefficients. Although carbon was a major constituent of the aerosol, in its
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light scattering effectiveness it could not be distinguished statistically
from the rest of the non-sulfate, non-nitrate fraction. The inclusion of
nickel and lead as tracers for primary aerosols did ot significantly improve
the relationships. No significant non-linear relationships were found between
light scattering and any of the aerosol components. Regression of MASS on
aerosol composition indicated that the sulfate and nitrate terms in (8-20)

and {8-23) do represent sulfate and nitrate compounds, and do not include
significant contributions from unrelated material statistically associated

with 50; and NO

3

The importance of sulfate compounds for visibility appears to be due in
part to their distribution with respect to particle size. Comparison of Tabie
8-20 with Figure 3-9 shows that the mass median particle diameter of sulfates
averaged a little over 0.5 u, right in the middle of ‘the particle size range
producing the most scattering for a given mass concentration. For comparison,
the mass median diameter of carbon was well beiow 0.5 u; many of the carbon-
aceous particles were 00 Smaiﬂ;to scatter effectively. Another probable
factor contributing to the superior scattering effectiveness of sulfates and
nitrates is the affinity of.these compounds for water. Much of the scattering
statisticaily associated with sulfate and nitrate may have been due tc unbound
water which was not measured gravimetrically due to losses in sampling and
equilibration.

a. Role of Water Vapor

A possibie physical explanation for the superior scattering effectiveness
of sulfates and nitrates iies in the known hydroscopicity of some of these
compounds , for the addition of water increases scattering without increasing
measured mass. We looked for this effect by segregating the two-hour sample
periods intc two groups by relative humidity, and repeating the above regres-
sicns on each group separately.

0f the functional forms tested in regressions for the RH-dependent
coefiicients Ci(m}, quadratics generally gave the best fit to the data, as in
{8-20) and (8-23). As Figure 8-14 shows, the effects of relative humidity on

light scattering determined statistically are similar to those measured directly
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with the humidified nephelometer (Covert et al. The statistical
Yhumidograms'' may, of course, be influenced by RH-dépendences in the aerosol
formation mechanisms, and are not equivalent to true Humidograms, which measure
specifically the hygrosccpicity or deliquescence of the aerosol as sampled.

The inclusion of relative humidity effects narrowing the range of estimated
scattering effectiveness somewhat. The dependence of aerosol light scattering
on relative humidity appears to be due principally to the nitrate compounds,
although the size distribution of sulfate compounds shows a statistical
dependence on relative humidity.

L. SOURCE COMTRIBUTIONS TO THE AEROSOL

a. Sources of Aerosol Precursors

Mass balances based on known emissions of primary aerosol account for only
a small fraction of the nitrates, suifates, and organics found in the Los
Angeles smog aeroscl, and the bulk of each of these species is thought to

(84,85)

result from gas-to-particle conversion in the atmosphere The mechanisms
involved are poorly understood, but the presumed precursors of these species in
the gas phase are ihe nitrogen and sulfur oxides and certain hydrocarbons, ‘
particularly the 66 and larger olefins and some aromatics. Table 8-22 presents
an abbreviated inventory of the sources of these gases.

Table 8-22 shows that two broadly defined grcups of sources, with mutually
distinct geographicai distributions and characteristic emissions, are responsi-
ble for nearly =i} of the production of reactive gases in Los Angeles. The
gasoline sources are distributed fairly uniformly over a large area of the
basin, and produce nearly all of the reactive hydrocarbons. The fuel and
crude oil sources are clustered along the coast, and produce most of the sulfur
oxides. in this section we identi®,, and statistically validate, chemical
tracers for the emissions of these two scurce groups.

Lead aerosol and carbon monoxide are important constituents of the
exhaust from gasoiine powered motor vehicles. This single source is estimated
to account for 97-98% of all emissions of these species in the Los Angeles air
basin, about 9 tons/day of airborne lead {estimated from Huntzicker 53_913(96)

and 10,000 tons/day of carbon monoxide (from APCD figures). The reliability of
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INVENTORY OF ESTIMATED REACTIVE GAS EMISSIONS IN THE LOS ANGELES
BASIN COMPILED FROM MOST RECENT INVENTORIES BY LOCAL AIR POLLUTION
CONTROL DISTRICTS: LOS ANGELES (1973), ORANGE COUNTY (1972), SAN

BERNARDINO (1972), AND RIVERSIDE (1970).

Emissions (metric tons/day)

SOURCE TYPE | NO_ S0, ric (2)
1. Gasoline 1040 4o 1070
Motor vehicle exhaust and blowby(b) 1040 Lo 770
Evaporation 0 0 300
2. Fuel oil and crude oil 430 345 10
Power plants 150 190
Industry and commerce : 160 20
Ships, railroads, jets, diesel vehicles 90 20 5
Petroleum refining and sulfur recovery 30 i15 5
3. Other 10 55 _10
(a) Reactive hydrocarbons as defined by the APCD's include some species,

such as the light olefins, which are not converted to aerosol in

significant amounts.

Based on the seven-mode cycle.
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lead and carbon monoxide as tracers can be judged from their correlation in the

two-hour samplies taken at the mobile van:
cO(ppm) = .8 + .83 Pb = .5 (n =53,y = 3.3, r = .964) . (8-24)

The non-dimensional value of the lead coefficient in (8-2L4) is 954, which is
close to the estimated mass ratio of carbon monoxide emissions to lead emis-
sions, 10,000/9 = 1,111,

Nickel and vanadium are, like sulfur, trace constituents of the heavier
fractions of petroleum, and are exhausted to the atmosphere in aerosols during
the regeneration of refinery catalyst and the combustion of fuel oil. lt‘is
estimated that, nationwide, more vanadium is released to the atmosphere in this
manner than is consumed in all metaliurgical applications combined(103). Nickel

correlates with vanadium in the eleven two-hour samples analyzed for vanadium

and in the 24-hour hi-vol samples:

V=0.11 + .72%Ni + 0.1% (n = 11, y = .051, r = .829) (8-25a)
{2-hour)
y = .006 + .91 Ni &+ .008 (n = 11, y = .030, r = .907) (8-25b)

(24-hour)

The ratio of Ni to V in fuel and crude oils fluctuates greatly from batch to
batch, and we are unable to estimate the ratio of the emissions of these
elements for comparison with the Ni coefficients of (8-25).

0f the four source tracers dis.ussed above, only lead and nickel were
moni tored for all two-hour samples taken at the mobile van and satellite
stations. Figure 8-15 shows the gecgraphical distribution of the nickel to
lead ratio calculated from the average values of lead and nickel during the
sea breeze regime. The limited data suggest a nickel-rich plume originating
in the area between E} Segundo and Alamitos Bay and following wind streamlines

to the north and east.
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Oxides of nitrogen and sulfur were measured during the two-hour sampling

periods at the mobile van. I[f we set Ny = NNOX + NNOg‘ and ST = 5502 + SSOE=’
and regress NT and ST on Pb and Ni, we fTind:
{a) Ny = -11 + 34Pb + 32 {n = 17, y = 145, r = .954)
before 10:00 PST
{(b) N, =7+ 17Pb + 199%Ni = 10 (n = 43, y = 57, r = .88k) (8-26)
after 10:00 PST
{(a) Sp =4+ 7h6Ni £ 11 (n =14, vy = 45, r = .949)
before 10:00 PST
{b) S, =25+ 430*Ni + 16 (n = 30, y = 49, r = .559) (8-27)

after 10:00 PST

These relationships are in gquzalitative agreement with the inventory, linking
nitrogen primarily tc gasoline sources and sulfur to fuel and crude oil sources.
The scatter in both morning relationships is small, and we can use the co-
efficient of (8-27a), together with known sulfur emissions, toc estimate
emissions of nickel in the Los Angeles air basin: [{32/64) 385 tons/dayl/
746 = L ton/day. The coefficient of lead in (8-26a) is close to the estimated
ratio of nitrogen emissions to lead emissions for motor vehicles, [{14/46)
1040]/9 = 35.
In view of the lack of any correlation between nitrogen and nickel in
the morning, the sulfur present at this time probably came principally from
refinery operations, which produce only smail amounts of nitrogen oxides, and
not from power plants, which produre comparable quantities of nitrogen and
sulfur oxides. The much higher effective stack heights of power plants
apparently enabled their emissions to penetrate the low morning inversions.
There is a good deal of scatter in the afternoon relationships, and the
coefficients of Pb and Ni are jower than they are in the morning. These lower
coefficients may reflect the loss of nitrogen and sulfur oxides to atmespheric

and surface sinks.
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b. Calculation of Source Contributions

In this section we develop estimates for the contributions of the two
source groups identified in the preceding section to ambient levels of
particulate nitrates, sulfates, and organics. To simplify notation, let
Xl, X2, and X3 represent secondary nitrates, sulfates, and organics, and let
[Xj]i be the concentration, in a given air parcel, of Xj produced from the
emissions of source group i. If source group i is considered as a single

emitter, then [Xj]i is given formally by:

where e . (tons/day) is the emission rate of X precursor by source group i,
(days) is the fraction of source group i's dally emissions which is

exhausted into the air parcel, V(m3) is the volume of the air parcel, and
fij (ug/ton) is the mass of Xj produced from a ton of precursor emitted by
source group i. N

We have no way of measuring fij’ and will assume for simplicity that
flj = fzj; for each species, the fraction of the gas-phase precursor converted
to particulate is independent of the precursor source. |f we assume also
that the two source groups of Table 8-22 account for all emissions of Xj
precursor, then the fraction of Xj attributable to each source group is:

]]/[Xj] = e]j/(elj + we (8-28)

Zj)’

[Xj]Z/[Xj] = wer/(elj + wezj) ,

where w = ¢,/¢,. The quantities e.. are given in Table 8-22, and w can be
2° " iJ

determined from the source tracers identified in the preceding section:

= (Ni/ez’Ni)/(Pb/eth) = (Ni/%)/(Pb/9) = 36Ni/Pb (8-29)
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The quantity [V 1 is just the measured concentration of particulate nitrates,
sulfates, or orgawucs if we neglect the contributions of primary aercsols.

Tabie B-19 gives average values for [X ] calculated from (8-28) and
{8-29) using concentrations of ccmpounds and tracers samples during ACHEX 11.
Table 8-21 presents corresponding breakdowns of the aeroscl light scattering
coefficient. The calcuiations are not very sensitive to the crude assumptions
on which they are based, because most nitrogen oxides and reactive hydrocarbons
come from gasoline sources, while most sulfur oxides come from fuel and crude
il sources. Indeed, the estimated total contriburions of the two source
groups are not very different if we simply attribute all nitrates and organics
to gasoline sources and all suifates to fuel and crude oil sources.

it should be noted that, while the sources itemized in Table 8-22 are
invoived in producing a large fraction of the ambient aerosol, they are not
the sole agents of this preduction. For exampie, sulfur oxides are essential
to the formation of sulfate aerosol, but the process is facilitated by the
presence'of ammonia and reactive hydrocarbons. The major sources of sulfur
oxides are not majdr sources of ammonia and reactive hydrocarbons, so that it
is somewhat misleading to attribute all effects of syl fates to the sources of
sulfur oxides.

c. Geographical Variations in Aercsol Composition

ACHEX i1 reveaied substantial geographical variations in aerosol concen-
tration and composition. The relative contributions of individual aerosol
components and precursor source groups depended strongly on location, as shown
in Figures 8-16 to 8-19. These figures are based on data from the satellite
stationms. Since relative humidity was not monitored at these stations, the
breakdown of b if Figures 8-17 and 8-19 is based on the following regres-

scat
sion, rather than regression (8-20j:

b o /MASS = 015 {MASS - SULFATES - NITRATES)/MASS (8-30)
+ .071 SULFATES/MASS + .050 NIiTRATES/MASS + .007

{n =58, y = .032, r = .600)
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This regression, based on mobile van data, gives a relationship which is
'"averaged" over the distribution of relative humidities experienced at the van.

Generally, sulfates and oil based sources were determined to be more
important on the western portion of the basin, and nitrates and mobile sources
were more important on the central and eastern side of the basin. The
calculated contributions to the total mass concentration of suspended particles
suggest that the major secondary contributions, nitrate, sulfate and organics,
account for haif or more of the aerosol. Organics are a particularly large
fraction of the material in Downtown Los Angeles, and sulfate is more or less
uniformly distributed across the Basin. In contrast, the secondary constituents
account for a significantly larger fraction of the light scattering than the
total mass concentration. From 60% to 80% of bScat is ascribed to sulfate,
nitrate and organics. Over most of the basin, sulfate accounts for a Targe
fraction of bscat; on the eastern side of the basin, nitrate becomes an
increasingly important factor (Figure 8-17).

The calculation of the contribution of all gasoline based sources to the
total mass concentration, shown in Figure 8-18, indicateo that the southwest
corner is influenced heavily by oil and ''other" sources, whereas much of the
remaining part of the basin has a stronger contribution from gasoline related
sources. The '"'other" source category accounts for a significant fraction of
the total mass concentration. The source contributions to the light scattering
on the other hand, are heavily dominated by the combustion of oil and gasoline
related sources. On the western side, oil related (stationary) sources are
key factors, while on the central and eastern‘parts of the basin, the gasoline
(transportation) related sources become equally important and perhaps dominant
in the Riverside area. In any case, the role of "other'" sources cannot be

neglected in consideration of a particulate and visibility control strategy
for the South Coast Air Basin.

5. SUMMARY AND CONCLUSIONS

Atmospheric visibility is related to the light scattering coefficient,
bscat’ of the ambient aerosol.‘ As part of the 1973 Aerosol Characterization
Study (ACHEX 11) for the California Air Resources Board, the light scattering

coefficients and chemijcal compositions of ambient aerosols were measured at
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IX. RECOMMENDED CONTROL STRATEGY FOR AEROSOLS

The ACHEX data and the analysis of this information provide a framework
for the development of a control strategy for aerosols in California. The
results, of course, apply principally to the South Coast Air Basin, but they
can be extrapolated using similar methods to other areas including the San
Francisco Bay area and the San Joaquin Valley. _

The objective of tﬁis section is to review the ACHEX conclusions in the
light of a possible control strategy for the South Coast Basin, and provide
several recommendations to the Alr Resources Board.

As a result of the episodal nature of the ACHEX, questions may
arise about the representativeness of the ACHEX data compared with monitoring
data taken on an annual basis. Quaiitative comparison Indicates a satis-
factory correspondence between these two data sources. Furthermore, the
ACHEX was designed to investigate worst case conditions, which are of princi-
pal interest for control policy. Thus, the ACHEX program serves as a basis
for the strategic recommendat lons listed below:

1) To achieve the primary ambient air quality standards for total

suspended particulates, effort must be continued to control SOX,
NOx’ and reactive hydrocarbon emissions from all sources because
of their importance to atmospheric particle formation.

2) Since the organic fraction is a targe portion of the ambient aerosol
mass concentration, control of organics is crucial, particularly for
reductions in the vapor of compounds with a carbon number six and higher,

3) A reduction in aerosol should occur in the South Coast Basin with
implementation of projected controls on NOx and hydrocarbon vapors.
Reduction of these Precursors not only will directly influence air-
borne particles but will be of indirect assistance in reducing the
Intensity of photochemical reactions.

k) To improve visibility, highest priority should be given to reduc-
tions in sulfate from stationary sources and NOx emissions from

motor vehicle sources,
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5) Top priority should be given to the South Coast Basin for use of
natural gas and low sulfur fuels to minimize emissions of the aero-
sol precursors NOX and SOX. .

6) Consideration should be given to priority control of SOx and NOx
emissions at ground level; in the former case, improvement should
occur in haze levels if substantial reductions are made in SOx
emissions from chemical plants in the west and southwest part of
the Los Anceles Basin.

7) Continued efforts should be made to improve the control of primary
emissions, particularly those derived from transportation sources.
iead and carbonaceous particles represent particularly important
contributors. The use of non-leaded fuels may aid in such reduc-
tions, but this conclusion reguires verification by new studies on
vehicle emissions.

8) Consideration of control effort for primary sources must be given
to reduction in the emissions of particies ! um or less in diameter,
so rthat fhe sub-micron fraction is preferentially treated.

9) The necessity for the control of the emission of ammonia should be
examined in greater detail, as the influence of the gas is to stabi-

lize visibility degrading aerosol.

A. APPROACH TO ACHIEVEMENT OF STANDARDS

The standards that apply to California air are twofold; they include
both the federal ard state requirements, which are:

1} Suspended Particulate Matter

3

California: 60 ug/m° annual geometric mean.

100 ug/m3 maximum 24 hour average sample

Federai :
{Primary) 75 ug/m3 annual geometric mean.
260 ug/m3 2L hour average not to be exceeded more
thah once per year.
(Secondary) 60 ug/m3 annual geometric mean.

-

150 ug/m3 2L hour average not to be exceeded more
than ohce per year.
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2) Visibility
California:

Not to be reduced under ten miles for conditions of less than
70% relative humidity.

The California standards are the more rigid requirements for control of
aerosols,

The control strategy for airborne particles requires consideration of
two separate standards for ambiert air quality. The two criteria are not
necessarily compatible, as exemplified by the fact that the super-micron
fraction influences the total mass concentration more than the visibility,
which depends primarily on the particle range between 0.1 um and 1.0 um
diameter. Furthermore, the statistical (regression) analysis of the 1973
data indicates empirically a different dependence of mass concentration and
light scattering coefficient on key chemical constituents. Therefore, any
strategy contemplated may require some compromise to meet both standards.
The principal differences lie in dealing with the organic constituent, which
influences the mass concentration more strongly than the light scattering
coefficient.

Since the ACHEX data apply to extreme conditions on a 24 hour basis,
further consideration of control strategy is confined principally to the
realization of the short term standards.

B. TOTAL MASS CONCENTRATION

1. SIGNIFICANCE OF SECONDARY CONTRIBUTIONS

Examination of the analysis using trace constituents discussed in
Chapter VII1 indicates the importance of secondary aerosol production as
compared to primary constiiuents and the natural background. This can be
illustrated readily by the diagrams in Figure 9-1. Here two cases are shown
for different sites and different times of 1972 in the north central and
northeast part of the Los Angeles Basin. From such results it is clear that
the achievement of the primary air quality standards will depend on the

continued ¢fforts to control SOX, N0x and reactive hydrocarbon emissions

from all sources.
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Organic Precursors

The hydrocarbon precursors to aerosol formation are particularly impor-
tant from the standpoint of control. These constituents of smog have not been
identified, but the arguments given in Chapter Vi provide compelling evidence
that high molecular weight vapors corresponding to materials of carbon number
six and higher should be of primary concern. The sources of such vapors, par-
ticularly non-aromatic materials, are not well known, but studies of diesel
exhaust, for example, have shown that hydrocarbons up to C]2 are present.
Although no reports are available of hydrocarbon vapor emissions with molecu-
lar weights greater than approximately C8 compounds from light duty motor
vehicles, there is no reason why compounds of higher carbon number might not
be present.

The importance to aerosol formation of aromatic vapors with a carbon
-number greater than ten has not been determined. However, these materials

should not be ruled out as possible precursors without further investigation.
Inorganic Gases

The evidence from ACHEX shows clearly that the achievement of ambient
alr quality standards requires heavy emphasis on the reduction of sulfur oxide
emissions and nitrogen oxide emissions in the Basin. Reasons for identifica-
tion of SOx mainly with stationary sources and burning of fuel oil have been
presented on the basis of the Los Angeles Basin emission inventories. On the
other hand, the emission data suggest that NOX Is 1imited more to transporta-
tion sources. The results of the analysis in Section Vili, shown In Figure 9-2,
suggest that transportation sources, identified as gasoline users, contribute
heavily to aercsol loading over the Basin through NOx and hydrocarbon emis-
sions. However, stationa:y sources, through SOx, are significant over the
northern part of the Basin.

In such simpiified discussions of contributions to aerosol loading,

di fferences in source-mass concentration relationships have been recognized,
However, there is a major uncertainty in the significance of the vertical dis-
tribution of precursors. Previously, arguments have been given suggesting

that the sulfur oxide emissions having greatest impact on the Basin are those
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emitted from non-fuel burning sources, or the refineries and chemical plants
in the west and northwest parts of the Los Angeles area. This raises the
question of the importance of elevated sources In the evolution of smog aero-
sol over the city. In particular, there Is considerable uncertainty in the
identification of sulfur oxides solely with the chemical industry in the
eastern part of the Basin, especially in Riverside, where material from ele-
vated sources to the west may reach the ground. At the same time, a signifi-
cant contribution to nitrate from the oxidation of NOx from elevated station-
ary sources cannot be ruled out in the eastern part of the Los Angeles Basin.
Thus, the strategy for controlling the Inorganic fraction of the aerosols
must take inte account the spatial distribution and the vertical structure
of the reactive gas concentrations. Such an analysis was beyond the scope of
the ACHEX. However, an attempt could be made to Improve our conclusions by
further study of the ACHEX results in the light of the MR1/Navy aircraft pro-
gram, and the Metronics tracer studies.

Another important question that remains unresolved is the role of
ammonia in stabilizing the nitrate aerosol. In view of the strong differ-
ences in nitrate between the western and eastern parts of the Los Angeles
Basin, and the evidence for differences in ambient ammonia levels, we recom-
mend that further investigation of the ammonia question be undertaken. In
particular, an ammonia emissions inventory and more extensive observations of
ambient ammonia concentrations would provide a better basis for development
of a knowledgeable aerosol control strategy.

Photochemical Enhancement

The evidence of ACHEX indicates a strong interaction between gas reac-
tions and haze formation in smog. Because of the physico-chemical synergism
between aeroscls and the oxidant precursors, hydrocarbons and NO * the
control strategy for oxidant should improve directly the aerosol situation,
Although the details of these interactions are not known at this time,
it is clear that substantial reductions In NOx during the next several years
should improve the nltrate levels in the South Coast Basin. The relation
be tween non-methane or reactive hydrocarbons and aerosols is more tenuous,

but qualitatively, less organic aerosol should be expected with reduction
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in the intensity of photochemical oxidant production.

Use of Low Sulfur Fuels

Whatever the details of the interactions leading to oxidation of SOX
and NOx in the atmosphere, it is clear from the discussions in Chapter VI
and this section that improvement in ambient air quality with respect to
aerosols requires a strategy of low sulfur fuel usage at highest priority in
the South Coast Basin. Increases in sulfur content of fuels will surely lead
to increases in sulfate production if the conversicon ratic remains roughly
constant. Furthermore, switching from natural gas usage to fuel oil will
increase the sulfur oxides substantially, even with low sulfur fuel, and will
increase the Nﬁx production in major stationary sources. Therefore, efforts
should be made on a statewide and nationwide basis to piace the South Coast
Basin high on the regional priority list for low sulfur fuels.

infiuence of Auto Exhaust Control

An additional factor that must be accounted for In control strategy is
the influence of the auts emission catalyst control system on sulfates. The
addition of catalysts to automobiles in 1975 and later models is expected to
create conditions for Increasing sulfate emissions from motor vehicles.

These emissions are believed to be small at present. Based on the results of
this study, a maximum influence on ambient sulfate can be estimated. We take
the average conversion ratio for sulfur in the Los Angeles area to be 0.25.
Using the 1971 emissions Inventory of the Los Angeles County APCD, the follow-

ing distribution is assumed:

Source S0, Emisslons (tons/day)
Motor Vehicle 35
Cther {including aircraft and 215

stationary sources)
Total 250

Evidence from motor vehicie emission tests suggests that appro#imate!y L40o% of
the sulfur in gasoline will be converted to sulfate in catalyst equipped cars.
With these assumptions, a comparison between the case for completely equipped
catalyst cars and nc catalyst cars is shown in Table 9-1. Based on these

calculations, one can expect that a maximum Increase in sulfate of 10%-20%
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TABLE 9-1

ESTIMATED INFLUENCE OF AUTO EXHAUST CgNTROL ON AMBIENT SULFATE LEVELS
(ALL VALUES GIVEN IN ug/m SO2 EQUIVALENTSl

A. Without Catalyst
Particulate Gas
Motor Vehicle
(Primary) 0 8.4
(Secondary) 2.1 -
Stationary Source 12.9 51.6
Total 15 60
B. With Catalysy
Particulate Gas
Motor Vehicle
(Primary) 3.4 5.0
(Secondary) 1.3 -
Stationary Source 12.9 51.6
Total 17.6 56.6
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can be expected with use of present catalyst emission control systems on a
basinwide average. This change is likely to be overshadowed strongly by in-
creases expected from more widespread use of fuel oil for stationary sources
in the Los Angeles area.

The arguments used for basinwide changes in sulfate, of course, do not
preclude the possibility of a major su¥faté exposure hazard developing on or
near the freeways. However, this is a different question from the ones under

consideration here.

2. PRIMARY EMISSIONS AND NATURAL BACKGROUND

Although the secondary contribution to the aerosol concentration is the
major factor, based on ACHEX data, the role of primary emissions and uncon-
trollable factors such as the natural background and liguid water also must
be taken into account. In the examples in Figure 9-1, the sea salt and soil
dust contributions to the aerosol amount to an appreciable fraction of the
ambient air quality standard. Combined with water and sulfate and nitrate,
the uncontroliable portion of the embient seroscl will amount to approximately

3

one third or more of the standard level of 100 ug/m” over a 24 hour period.
On the other hand, the {controliable) primary emissions from statiocnary
sources and Trom transportation sources contribute about 10%-20% to the total
loading.

The statistical anaiysis of White gg_gl,(ieﬂ) discussed In Chapter VI
shows that the aeroso! mass concentration is influenced significantly by ma-
terial from sources other than those related to SDZ, NOB— and organic carbon.
In Figure 9-2, essentially half of the material in West Covina, Anaheim,
Dominguez Hiils and Riverside are in the ''other' category. It is likely that
a significant portion of this frartion Is the natural or quasi-natural back-
ground, and the remainder may be accounted for by a number of poorly defined
primary sources that cannct be linked with combustion or processing of fossil
fuels. Thus, it is Iimportant that continued efforts be made to identify such
sources and reduce their emissions.

A potentially Important controllable emission for which a California

regulation exists is lead from automobile exhaust. The lead emissions are
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accompanied by roughly an equal amount of particulate carbon. The use of non-
leaded fuel, required by catalyst-equipped cars, will improve the lead halide
emissions. However, the evidence that non-leaded fuels also will decrease

other auto emissions, such as a carbon, is ambiguous. Further examination of

this question with new automobiles and older models with substantial mileage

should clarify this issue.

C. THE VISIBILITY STANDARD

The work of the ACHEX amply demonstrates that a distinction must be made
between the visibility reducing fraction of the aerosol and the total mass
concentration. A simple Interpretation of the aerosol data depends on the
uniqueness of the link between particle concentration, the light scattering
coefficient, bscat’ and visibility. Accepting the existence of such a prac-
tical relationship, the difference between optical effects and total mass
-concentration appears to be dominated for a given air basin by the particle
size distribution. Thus, the central strategy for particulate matter in
California must take into account the differences in aerosol behavior with
particle size. Our analysis Indicates that the bulk of the secondary aerosol
accumulates in the light scattering range between 0.1 um and 1.0 um. In
addition, the production of aerosols from primary anthropogenic sources tends
to be confined to the range < 1.0 um diameter through aging processing and
the Influence of modern combustion methods. Thus, the development of controls
for primary emissions should take into account the heavy influence on the sub-
micron aerosbl fraction. New, more efficient methods now are required to
improve the control of aerosol emissions from.primary sources. Heaviest
emphasis should be placed on the development of such.new equipment because of
the projected needs to use '"dirtier" (more particie producing) fuels in the
future.

Qualitatively, the light scattering coefflcient has been shown to be
correlated well with sulfate, nitrate and carbon content of the aerosol in
the Los Angeles Basin. However, the statistical analysis by major source in
Chapter Vii1 indicated that major distinctions existed between the contribu-
tions to aerosol loading by tofa] mass concentration vs. the light scattering

coefficient. This Is shown graphically in Figure 9-2, where the emission
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distributions by major source Tor the two parameters are superimposed. As
expected Trom considerations of the differences in behavior of the sub-microns
and super-micron particle size ranges, the secondary deminated contributions
reiated iec SOZ and NOgbdominate to a much greater extent the light

scattering than the total mass concentration. In addition, the analysis sug-
gests a shift in dominance of the light scattering by stationary sources in
the western and central parts of the Basin toc transportation sources in the
sastern side of the Basin.

From a comparison of the empirical results in Equations (8-20) and (8-23),
the scattering coefficient depends most strongly on the sulfur oxide and nitrogen
oxide contributions {per unit mass), rather than other material, including carbon,
which tends tc dominate the mass concentration. Thus, the control strategy for
improvement of visibility In the Los Angeles area must place highest priority
on reduction of sulfur dioxide and nitrogen oxide emissions, particularly on
the western and northwest-central areas of the Basin. Such a conclusion comes

from the combined analysis of bs and mass concentration, and could not be

cat
derived from evaluation of one or the other of these simple measurable param-

eters alone.

D. ESTIMATION OF EMISSICN REDUCTIONS
The discussion so far has centered on a qualitative assessment of the

ACHEX results which suggest control measures for achievement of the ambient

0

®

ir quality standards r serosols. The conciusions can be made scmewhat

1)}

=
U0

3

nore guantitative by ap

iving the traditional roilback model for relating

emissions to air quality. The calculations using data for the chemical nature

of the aerosois in Los Angeles air indicate that stringent requirements will

be necessary for reduction of the secondary contributions. The statistical

analysis given in BSection Vil!{-D, is most straightforward for application to

a control strategy. However, the following assumptions must be borne in mind:
i} The empirical relations for relating total mass concentration and

Tight scattering coefficient are applicable despite the limited

data base used Tor thelr derivation.
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The emissions inventory for the South Coast Basin is an accurate
assessment of the contributions of individual sources to various
pollutants, and the inventory is applicable over time periods corre-
sponding to daily behavior.

A direct proportionality exists between sulfate and S0 related

2
emissions, NO3 and NOx related emissions, and organic material and
non-methane related hydrocarbons (NMHC) emissions.

The behavior of total mass concentration and bSc are dominated by

N03_, soh and organics even though other particu?:te materials may
correlate closely with one or more of these components.

No ‘value added'' reduction resulting from reduction in photochemical
smog activity is taken into account.

The time period from 1972 through 1980 is adopted for changes. To
make the calculations, the following model aerosol is taken as
typical of an aerosol condition experienced in the Basin during
smog conditions with oxidant in excess of 0.2 ppm on the central

and eastern parts of the Basin:

pg/m’
Total Mass 200
*Sulfate 15
*Nitrate 20
*Non-Carbonate Carbon 50

Relative Humidity (u) 0.60
Base Year: 1972 '

To illustrate the impact of a control strategy, the following empirical

relations derived from the analysis in Chapter VIil are employed:

Total Mass Concentration

mass (ug/m3) =26 + 1.56 (No3') + {1.28 - 0.58 u?') (so;) (9-1)

+ 2.55 (Organics) * 21

*Includes related substances {see Section Viil).
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Light Scattering Coefficient

B -ty - . A
bscat)(io {m ) !.14—0,07h(50“)-+(0.025%-0.04911) (N03)

+0.025 (Organic C) +0.025 (Mass - S0, -N03' - Organics)

+ 0.9 (8-23A)

The constituent concentrations are given in ug/m3.

Reduction in Nitrate and Non-Methane Hydrocarbons (NMHC)

During the next few years, the present control strategy for the South
Coast Basin calls for a substantial reduction in NOx and NMHC emissions. The
impact of these expected reductions can be estimated from the above equations.
To make suck an estimate, the fractional reductions projected for NO and
NMHc from the Los Angeles County Air Pollution Control District(Zb‘)xare
adopted. For oxides of nitrogen, a reduction of approximately two by current
control procedures is estimated between 1972 and 1980. At the same time, a
reduction of a factor of four Is estimated for NMHC. '

Using the 1972 model 2erosol, the projected feductions in NOx and NMHC
should result in a model concentration of 39 ugimJ by 1980, without reduction
of the SOX contributions. Therefore, this agreement suggests that the ambient
aerosol standard will be aEDroached in 1980 if the proporticnai relationships
to NQK and NMHC are borne out. However, there is a large uncertainty in such
an estimate.

Accompanying the decrease in aerosol mass concentration from 1972 to
1980 would be a change in b___. from 6.1 x EO_h m_l in 1572 to 2.0 x 10‘4 m !
by 1980. This corresponds to an improvement in visual range from 8.7 km(5 mi)
to 23 km {~ 14 mi), using the relation that the visual range is h'?/bscat
for visible %ight(77),

This result suggests that the reduction in mass concentration by the
existing ch and NMHC contro! strategy should yield an improvement in aerosol
levels and in visibility over the South Coast Basin that will provide condi-
tions approaching the 24 hour averaged ambient air quality standards. How-
ever, these resuits are very uncertain and contain no safety factor for control

strategy goals.
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Implications of a Sulfate Standard

The projected federal ambient air quality standard for water soluble
sulfates of 10 ug/m3 for a 24 hour average maximum based on health effects,
has further influence on the control of airborne Particles in the South Coast

Basin. On the basis of the ACHEX results, the application of rollback in the
form:

% Reduction = Present Ambient Concentration - Derived Concentration
Present Concentration - Background Concentration

is useful, Taking 4 ug/m3 SOh for the background, the reduction in SOX
emissions required based on the model aerosol sulfate concentration of
i5 ug/m3 is approximately 40%. Such a reduction would correspond to the
following estimated (24 hour averaged) ambient levels by 1980:

Total mass concentration = 83 ug/m3 2]

b = 1.6 » 1072

scat (m‘]), or visual range ~ 18 miles.

These results are enﬁouraging for predicting improvements in the ambient
aerosol concentration in the South Coast Ajr Basin. However, the rolliback
estimates should be taken with great caution untjl the inter-relations be tween
aerosol precursors, Particularly NOx and NMHC | are better determined.

in the meantime, the Pressure to implement a sulfate standard based on
health effects is mounting. |t seems prudent for the State of California to
consider a SOx control strategy at high priority, which will create conditions
for improvement of not only the sulfate levels but

cle levels and the atmospheric visibility,

the total suspended parti-

in any case, we recommend that the results derived from the ACHEX be

reviewed carefully in the light of all other available data so that our con-

clusions can be substantiated further. This Is particularly true of the pro-

Jections for nitrate and organic aerosols, which are based on.arbitrary re-
lations to the gaseous precursors, and not well-established chemical rela-

tionships emerging from this study or others in the South Coast Basin.
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X. INSTRUMENTATION FOR AEROSOL MONITORING

The objective of this section is to review the results of the ACHEX
data in the light of future requirements for ambient air monitoring. The
present standards for ambient air quality of particulate material are shown
in Table 10-1.

The present regulatory requirements state that the total mass concentra-
tion of aerosols is to be measured gravimetrically by collecting of material
on acid washed glass fiber filters placed in high volume samplers. The weight
difference of the filters is to be determined with the filters equilibrated
at less than 50% relative humidity.

The visibility conditions are currently monitored by trained observers
located at airports and other installations. Visibility measurements are
ideally made during the day by distinguishing a black object against a
horizon sky at a distance of ten miles. It has been suggested that the inte-
grating nephelometer could be used as a "rational' substitute for the human
observer.

The standard for jead represents the first regulation for a chemi cal
constituent of the aerosol. The method requires analysis by the dithizone
procedure using high volume filter samples.

For some time, the high volume filter has been criticized for being an
inadequate measure of ambient air quality for particulate matter. The high
volume sampler suffers from uncertainties in the large particle range because
of poorly defined collection efficiency of particles greater than 10 um.
Furthermore, the procedure fails to recognize that there are now known to be
major distinctions between the origins and behavior of the submicron and the
supermicron size fractions of the aerosol.

The problems of obtaining self-consistent weight differences on filter
substrates have been studied for sometime, and these appear to have been

soived with stable conditions of relative humidity during weighing.

10
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AMBIENT AIR QUAL!ITY STANDARDS FOR PARTICULATES

California Standard National Standard
Averaging
Pollutant Time Concentration| Method Primary | Secondary| Method
r
Suspended Annual 60 ug/m3 75 ug/m 60-ug/m3
Particuiate Geometric High High
Matter Mean Volume Volume
2L hour 100 uo/m3 | S2™PVINS 260 ug/e] 150 wg/m? | 3PN
Visibitity i in sufficient amount - - -
Reducing observa- to reduce the pre-
Particles tion vailing visibility to
iess than 10 miles
when the relative
humidity is less than
1 70%
Lead 30 Day 1.5 ug/m3 High - - -
Average Volume
Sampling,
Dithizone
Method

ot

"Prevailing visibility
or surpassed around at least h

in continuous sectors.

is defined as the greatest visibility which is attained
alf ~f the horizon circle, but not necessarily
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The choice of filter substrate remains a major uncertainly in sampling
and analysis of airborne particles because of interactions between particles
and absorbable gases, difference in collection efficiency, and analytical
requirements. |t now appears clear that different substrates are required

for sampling material for organic analysis vs. inorganic analysis.
A. RECOMMENDED IMPROVED STANDARDS

1. SUBMICRON FRACTION

On the basis of the evidence provided from the ACHEX study and other
programs, including the 1969 Pasadena Experiment, there is a need to include
at least a secondary standard for the mass concentration of fine particles.
In particular, we recommend that consideration be given to a California
ambient standard in the range of 50-70 ug/m3 annual average of 24 hour
samples for particles less than 3.5 microns in diamter. The results from
the Noll impactor experiments and the Lundgren impactor suggest that the large
particle fraction, which has been found to be largely influenced by soil dust
or sea salt, amounts to 10 ug/m3 in urban air. Thus, one can expect that any
ambient standard for mass concentration of small particles should be less
than 75 ug/m3.

The 3.5 micron diameter Particle size presently is being considered
by the Environmental Protection Agency to define the upper limit of the
respirable particle fraction, as contrasted with material that is eliminated
mainly by deposition in the nasal passages. The respirable fraction definition
has been a subject of controversy among physiologists for some time. The 3.5
um diameter appears to be an acceptabie one on grounds of available informa-
tion on the efficiency of rarticle collection in the human lung. However,
this Timit might be rationalized as easily to be 1 um diameter. This
smaller value has certain advantages in that it would permit a new standard
to be written for the fine particle fraction to be both for health considera-
tions and for light scattering and visibility. The ACHEX data taken in 1973
show a useful correlation be tween bscat and the particle volume less than
} um diameter. This type of correlation is even better if one confines the

volume range of interest between 0.1 um and 1.0 ym in diameter.
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2. OVHER STANDARDS

With new atmospheric studies like ACHEX and new health effects studies
{e.q., ﬁHESS(]Oh)}, there is Increasing evidence that sulfate and nitrate as
well as some heavy metals in addition to lead, such as vanadium, shouid be
covered by ambient air quaiity standards. 1f such standards are promulgated,
it will be necessary toc institute systematic monitoring in several areas.
Some of this is currently being undertaken in the State, but the program may
require expansion.

Since organic constituents make up a large fraction of the airborne
particle mass concentration, consideration should be given to monitoring
routinely for total non-carbonate carben, which has been found to be a useful
index for organic material.

Thus, we recommend that air quality standard be established in
California for particulate sulfate, nitrate, and total non-carbonate carbon.
On the basis of existing health considerations evolving from Federal data,
sulfate should be examined in the range between 106 - 20 ug/m3 on
a 2i4-hour average. Mitrates and organics should be monitored to control the
total suspended particle concentration unless new health hazard data warrant
consideration of an air guality standard for such materials. To achieve the
total mass concentration standard in the South Coast Basin, particulate,
nitrate and non-carbonate carbon should be reduced to 2h-hour average levels

3

in the range between 10 -20 ug/m~.

B. APPROACH TC INSTRUMENTATION

Review of the ACHEX results and the measurement needs for the present
reculations in the State of California, as well as recommended changes,
indicazed that a three staged proysam for aerosols would be most useful. The
three parts are ciassed as: (i) a routine long term monitoring program, (2)
2 short term, intermittent surveillance program, and (3) & continuing

research and standards program.

7. MONITORING PROGRAM
The present State and Federal regulatory structure requires that long

term monitoring be done at the State and local level to determine progress

10-4
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towards achieving the air quality standards. The objective of this program

then would be aerosol monitoring on a long term basis to determine compliance

with standards.

The present program routinely uses only gravimetric high volume filters
with intermittent chemical analysis. However, this effort should be improved
to provide a better basis for evaluating trends in air quality.

There is presently such a long history of high volume filter data, using
glass fiber substrates, that, as a practical matter, it does not appear feasible
to make a major change in direction for the monitoring effort. On that basis,
we recommend that the high volume filter continue to be used with acid washed
glass fiber substrates for 24-hour averaged total mass concentration and
analysis for total carbon. The total carbon is a useful measure of non=-
carbonate carbon in urban areas because the carbonate concentration is small
relative to organic and elemental carbon. Most of the organic and elemental
carbon is in the submicron fraction in urban air so that no size fractionation
is required. The glass fiber substrate is less susceptible to gravimetric
weighing error than other substrates, particularly with variations in humidity.

The first hi-volume unit should be supplemented by a second unit
employing an impactor plate designed toc have a 90% cut point at 3.5 um diameter
to prevent penetration of the larger particles. Again, 2bL-hour samples
should be taken using a Whatman 41 paper substrate. Analysis should be made
for mass concentration (hominally < 3.5 um diameter), total sulfur and lead by
x-ray fluorescence, and nitrate by wet chemistry.

To complete the monitoring station array, it is recommended that the
integrating nephelometer be added to provide a continuous measure of the light
scattering coefficient, whiech in turn is a useful practical measure of the
particle volume <1 um diameter. This instrument has been found to yield a
somewhat different relationship between b ¢ and mass concentration at different
locations {e.g. Samuels 93_913(105)). However with filter data, the instrument
has proved to be very useful in ACHEX as a '"rational' continuous monitor for
visibility reducing aerosol volume. Thus, the nephelometer is recommended as

continuous aerosol monitor to réplace the older soil index devices.
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A series of approximately thirty serosol monitoring stations should be
employed in the State. Site selection should be made on the basis of
enhancing the capability of the present ARB monitoring network, with additional

sites located in locai district stations in particularly sensitive areas.

2. SURVE{LLANCE STATIONS
The second level of aerosol measurement would have the objective of
short term or intermittent characterization of aerosols in specific locations
chosen for extreme conditions as source dominated or receptor sites.
Because of the complexity of the urban serosc] behavior, some studies
of areas that have heavy exposure to haze will be required with a measure-
ment sophistication greater than available or practical for the monitoring
stations. The surveillance stations should contain the instrumentation
specified for the monitoring station, but should include the following
additions:
i)} Three stage roiating drum impactor using paraffinated mylar sub-
strates and an after filter using Whatman 41 paper. The impactor
to be selected could be the design currently employed by Dr. Cahill
{U. C. Davis). The impactor should be operated to obtain two hour
samples, which should be analyzed by o x-ray fluorescence analysis
for elements heavier than Mg. A sequéntia] after Fiitér unit should
be employed to provide samples for the submicron range, assuming a
designed impactor cut at 1 um diameter. The after filters should be
analvzed by o x-ray fluorescence analysis for elements heavier than
Mg and by wet chemistry for S@hz and NOB',
2) A condensation nuclei counter such as the Environment-1 Counter
should be added to measure continuously nuclei populations, for
correlation with sources and with bscat measurements. (See also
Appendix C).
3} As an opticnal item, an optical counter having size discrimination
over the range between 0.3 and 3 um could be added to provide a
data base in sensitive areas for changes in the size distribution

of a large fraction of the submicron size range. By measurement
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of such changes, the potential shifts in source contributions and
secondary aerosol production processes could be kept under surveijl-
lance over long enough periods to make judgments about the signifi-
cance of control factors. Addition of this instrument will require
significant extra processing and data handling capability for indijvi-
dual stations. This should be kept in mind in the choice of priorities
for instrumentation.
Based on practical considerations of cost for equipment, calibration,

and data analysis, approximately ten surveillance stations should be ample

for use in the State. These systems could be used effectively if they were

added to existing ARB mobile laboratory units. Certain key monitoring

stations also could be upgraded to include the surveillance instrumentation.

3. AEROSOL RESEARCH LABORATORY

A third level of sophistication in aerosol measurement capability
undoubtedly will have a continuing usefulness. At this level the program
objective would be the conduct of short term, advanced studies of special
ambient aerosofi probiems and the evaluation of new instrumentation and
analytical methods for ajr quality measurement.

The present ARB/ACHEX mobile laboratory has proved to be well suited for
this final objective. It is recommended that the mobile laboratory be main-
tained in operational condition and used for new aerosol research in areas of

California, as required. At the present time, there does not appear to be
a need for additional units of this kind.

C. SUMMARY

The results of the ACHEX show the need for a long term, continued moni -
toring surveiilance and research programs for aerosols, which would fnvolve
high volume filter collection with analysis for sulfate, nitrate, and

organics. At the very least, such continued effort is necessary to confirm

the trends expected for reductions jn these secondary products as smog levels

are reduced, - and NOx and hydrocarbon emissions are decreased. Although x-ray

fluroescence analysis shows promise for measuring sulfate as sulfur, the

10-7
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traditjonal wet chemical methods remain most suitable for determination of
SOA=, and NOB-' Non-carbonate carbon can be determined usefully by a simple
total carbon procedure.

A moderate program to monitor changes in aerosol behavior by continuous
measurement is needed. The use in the ACHEX of the S-attenuation instrument
for continuous monitoring of aerosol mass concentration showed promise, but
further development of this method is required before it can be adopted. The
integrating nephelometer offers a useful operational instrument to replace
the soil index as a continuous measure of the aerosol volume concentration in
the 0.1 um to 1.0 um diameter range. This device gives added information
about aeroso! light scattering that can be interpreted semi-quantitatively in
terms of visibility degradation.

Size fractionation to establish trends in the submicron fraction is an
important requirement. At the same time, the State of California has require-
ments for intermittent surveililance of certain classes of sources or unusual
probiems such as that which exist in the eastern part of the South Coast Basin.
There is also a continuing need for more sophisticated aerosol research such
as that reguiring the capabilities of the ACHEX mobile laboratory.

On the basis of this study, we recommend that a three level aerosol
program be established by the Air Resources Board that would use the instru-
ment packages listed in Table 10-2. Such a program would provide the State
with the needed range of capabilities to maintain a continuing surveillance

of aerosol behavior and visibility change.
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TABLE 10-2

RECOMMENDED INSTRUMENT HIERARCHY FOR MEASURING ATMOSPHERIC AEROSOLS

A. Monitoring Program (approximately 30 stations)

Objective: Aerosol monitoring on a long term basis to determine compliance
with Federal and State standards.

Instrumentation Analxsié
1. High Volume Sampler 2k hr. Total Mass, Total Carbon
Glass fiber filter
2. High Volume Sampler for respir- 24k hr. Sample, Total Mass, Total
able fraction (< 3.5 um) Suifur, Pb and N05
Whatmann 41 filter
3. Integrating Nephelometer Light Scattering Coefficient

B. Surveillance Stations (approximately 10)

Objective: Short term or intermittent characterization of aerosols in
specific locations sited for extreme conditions as source
dominated or receptor sites.

Instrumentation ‘ Analysis
1. High Volume Sampler 24 hr. Total Mass, Total Carbon
Glass fiber filter
2. High Volume Sampler (< 3.5 pm) 24 hr, Total Mass, Total Sulfur,
Whatmann 41 filter NOE, and Pb
3. |Integrating Nephelometer Light Scattering Coefficient
L. Three Stage Impactor 2 hr. samples; a-XRFA for elements
paraffinated mylar substrate heavier than Mg on two hour sections,
Whatmann 41 after filter and on the after filter
5. Condensation Nuclei Counter CNC vs. bScat Correlations
*6. Optical Particle Counter Changes in submicron-micron particle

site distributions

C. Mobile Research Laboratory (1 unit)

Objective: Short term, advanced studies of special ambient aerosol problems
and evaluation of new instrumentation and analytical methods for
air quality measurement.

Eguiement
1. ARB/ACHEX Laboratory

*
Optional
10-9
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APPENDIX A

A PRELIMINARY REPORT ON THE MISMATCH OF THE AEROSOL SIZE DISTRIBUTIONS
OBTAINED DURING THE ACHEX*

INTRODUCTION

A number of investigators have noted the importance of an aerosol's
liquid water content. Recent work has suggested that 1iquid water content has
a direct influence on visibility reduction.]‘ The results of the Rockwell
waterometer from ACHEX | indicate that a significant fraction of the marine
and urban aerosol observed is free water in the relative humidity range be-
tween 40% and 75%‘2

Based on the aerosol size distributions measured with the continuous
aerosol instrumentation during the ACHEX, it is believed that when the outside
temperature (T0) was less than the temperature inside the mobile lab (TIN),
and when the relative humidity (RH) was greater than about 50%, water was
evaporated from the aerosol before the aerosol reached the aerosol sensors
inside the mobile lab. Figure A-1 shows three volume distributions from the
Harbor Freeway. The distributions have been divided into three segments
corresponding to data taken with the Whitby Aerosol Analyzer (WAA), .01 um to
0.422 um, the Royco Model 220 Optical Particle Counter (OPC), .422 um to
5.62 um, and the Royco Model 245 OPC, 5.62 um to 38 um. For Run 56 in which
T0 > TIN and RH was low, the distributions obtained with the three instruments
match very well. However, for Run 54 when TO < TIN and RH = 77.8%, there is a
mismatch between the Royco 220 and Royco 245 data. At a higher RH (Run 52)
the mismatch is greater.

The purpose of this paper is to report the preliminary work which has been

done to characterize the mismatch problem.

*From a report by George M, Sverdrup and Kenneth T. Whitby, Particle Technology

Laboratory, Mechanical Engineering Department, Unlversity of Minnesota,
July 1974,
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INSTRUMENTAT I ON

Figure A-2 shows a schematic of the instrumentation in the mobile lab.

The Royco 245 sensor was mounted on a stand 1.1 meters above the roof of the
trailer. The outside temperature sensor was located just below the Royco 245
sensor. The Royco 245 data were unaffected by a difference between TO and TIN.

The Royco 220 sensor was located inside the mobile lab. The sample stream
passed through a $.25 in. diameter by 50 in. long aluminum tube from the aero-
sol manifold to the Royco 220 sensor, and at most locations through a diluter.

The effect of the difuter on the Royco 220 performance was investigated
at Point Arguello. From Figure 3, it can be seen that the mismatch was not
due to the presence of the diluter.

For a flow rate of 0.1 c¢fm, the Reynolds number based on tube diameter
was 122 and the transit time was 4.3 seconds. For these ‘onditions it is esti-
mated that the buik temperature of the sample stream increased from its value
of TO to within about a degree of TIN by the time the air parcel reached the
Royco 220 sensor.

The Royco 228 was modified with a sheath air inlet (see Figure A-4). This
inlet removes about B5% of the total flow, filters this air and returns it as
a ciean air sheath around the sample stream. Since the temperature inside the
Royco 220 box was higher than TIN and since the sheath air line passed close
to the Royco 220 iight bulb, the sheath air was at a higher temperature when it
returned to the sample inlet than when it first entered the inlet. In order to
investigate this effect, a Royco 220 OPC similar to the one used in the ACHEX
was operated with a thermocouple placed in the sheath air line just before the
sheath air returned to the inlet and with a thermocouple piaced in the Royco 220
box near the inlet.

Tabie A-| shows the results of the experiment. The sheath air temperature
was about 1.5 to 2°C higher than room temperature. Since the sheath air flow
rate was .0873 cfm, and the sample flow rate was .0127 cfm, some heat was trans-
ferred from the sheath air stream to the sample aiv stream.

Based on the above considerations, It is reasonable to assume that the
aerosc! stream was at the temperature TIN when it passed through the viewing

volume of the Royce 220 OPC.



VOLUME 1V , ’ Science Center
Rockwell International

SC524.25FR

The OPC's were calibrated with a non-volatile oil having a refractive
index of 1.49. The mismatch between the Royco 220 data is complicated by the
fact that the refractive index of the particles changes as the amount of liquid
water changes. Since the Royco 245 uses a forward light scattering system and
the Royco 220 uses a 90° system, the response of the two instruments to changes
in refractive index is quite different. In order to determine the magnitude
of this effect, the results of Berglund's work were utilized. Figure A-5 shows
the results of a change in refractive index for Rur 49 at the Harbor Freeway.
The data for m = 1.40 are based on Berglund's experimental work. The data for
m = 1.33 are presented as a limiting case and were calculated from Berglund's
thesis using Quenzel's theory.(S) The data show that a change in refractive
index alone is not enough to account for the mismatch.

The WAA was also operated inside the mobile lab. The response of the WAA
with respect to this problem is difficult to analyze. The aerosol traveled
through a rubber hose between the aeroscol manifold and the WAA. The aerosol
charger is operated with dry compressed air. The flow rates were checked at
Berkeley on September 26, 1972. The compressed air flow rate was 0.18 cfm and
the charged aeroscl flow rate was 0.32 cfm. Therefore, in the charger section
of the WAA much of the liquid water in the aerosol was probably evaporated.

in the mobliity tube the aerosol is introduced as a thin annular sheath
surrounding a clean air flow with the collection rod serving as the inner wall
for the inner annulus (clean air flow). The ratio of clean air to aerosol flows
was 14:1. Figure A-6 shows a schematic of the inlet to the mobility tube. Any
particles which are collected by the rod must pass through the clean air flow.
The temperature of the mobility tube was monitored (TANL), and it was usually
within cne degree C. of (T:il). it is believed that the temperature of the
aerosol stream was at TANL degrees C. when collected by the rod. The history
of evaporation and recondensation of water on the aerosol while in the WAA is
unknown; however, it is believed that the humidity at which the WAA measured
the aerosol was probably close to the humidity inside the mobile lab.

Referring to Figure A-1, it Is seen that if there was a mismatch between
the WAA and the Royco 220, it i's not apparent. Since the data at 0.365 um are

at the mode of the volume curve, it is difficult to determine if this point is
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depressed. Figure A-7a shows a surface distribution from Pt. Arguello. This
distribution shows a mismatch between the WAA and the Royco 220. Figure A-7b
shows the corresponding voiume distribution. The mismatch between the WAA and
the Royco 220 based on surface distributions was much less than the mismatch

between the two OPC's as expected.

ANALYSIS OF MISMATCH

The preliminary work reported here was conducted in order to determine
which parameters the size distribution mismatch depended upon. No attempt was
made to characterize the mismatch in such a way that the distributions could
be corrected.

One method of analysis would be to examine the overlap region between the
aerosol instruments. Such data were recorded; however, these data were not
included in the subsequent data reduction. Such an analysis will be possible
in the future when time permits.

No attempt was made to analyze the WAA data. Whereas the Royco 220 data
at 4.21 um can be compared to the Royco 245 at 7.5 um, there is no standard
with which to compare the WAA data. If an accurate estimate of the flux of
water Trom the zercsol were made at zbout 4.2 um, the flux at other sizes
couid be estimated using a theory which relates mass transfer with Knudsen
number. rowever, since Lundgren impactor analyses have shown that the chemical
composition is a function of particie size, the assumption that the evaporation
is only a function of size may not be justified. Therefore, for the present
work the WAA data were not analyzed.

The fact that the mismatch appeared tc have a diufinal variation
(Figures A-8 and A-9) suggesied that a correlation be made between the mismatch
and RH and AT (TIN - T0). in order to do this it was necessary to define the
mismatch. The method for obtaining a mismatch parameter must not vary from
run teo run and must apply to as many runs as possible. The present method of
determining a mismatch parameter uses the volume distributions. Figure A-10
shows a typlcal distribution in which there is a mismatch and the method for
determining the mismatch parameter MM. Since a good distribution normally

has 2 volume mode at 4.2 um the Royco 245 data were used to determine the
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value of AV/Alog Dp at 4.2 ym. A line was drawn from 7.5 um to 4.21 um
(point A) with the same slope as between 7.5 um and 13.3 um. The mismatch

parameter was then determined from the following equation:

AV/ AL D )JA - (AV/A) D )B
o (av/Alog p) (AV/Alog p)

(AV/AIogDp)A

Thus, the value of the mismatch is between 0 and 1. It should be emphasized
that this parameter is not Intended to represent the amount of water evapor-
ated, but is merely a parameter used to characterize the mismatch. The results
are shown in Figures A-11 and A-12.

For the ACHEX |, the total number of runs with TO < TIN and RH > 50% is
6. The number of runs for which MM was calculated is 35. The number of runs
that show a mismatch which this method of calculation cannot adequately handle
is 6. The number of runs with TO < TIN and RH > 50% which apparently show no
mismatch is 5 or 17% of the total. Two of these are Runs 44 and 45 at Goldstone
where the waterometer2 and'water fiitersh showed no detectable liquid water in
the aerosol.

The following table iliustrates the results for Goldstone Runs 44 and 45,

for which essentially no liguid water was in the aerosol:

GOLDSTONE
Run T0 TIN AT RH MM
by 6.4 21.4 15.0 66.0 -. 437
L1 5.5 26.3 20.8 - 92.8 -.398

For the ACHEX 11, 42 runs have TO < TIN and RH > 50%. MM was calculated
for 13 runs with 12 runs quastionable. Seventeen or 42% showed no apparent
mismatch.

The fact that MM was not obtained for all the runs with the appropriate
conditions Is probably due not only to a difference in liquid water content at
different sites and in different air parcels, but also due to the method of

cal;ulation. However, there appears to be a difference between the ACHEX |
and |1 size distributions. '
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A multiple linear correlation was run between MM and RH and AT. The

following tables of correlation matricies were obtained.

1. ACHEX [, all sites

Using the data in Figures A-9 and A-10 from all ACHEX | sites, it can be
seen that the correlation of MM vs. RH and MM vs. AT is about the same. The

multipie correlation coefficient, Rz, was 0.719.

RH AT MM
R 11 718} L7 )

AT ///é .819 " Jli

25;22%2%2 ] F Ratio = 44.8

MM = -.0253 + 3.758 x 10 2RH + .0291 (aT)
2. ACHEX | and i, all sites

For all sites from both ACHEX | and !l the correlations between MM vs. RH
and MM vs. AT were not as good as for the ACHEX | data alone. R2 = .558.

RH AT MM

RH .648 .578

AT ‘%/ ] .735 R® = .558
w /7%

3. ACHEX i, all sites, RH > 100%

o)

Since the relative humidity was often calculated as being greater than
100%, a correlation was run using RH > 100% when indicated. The following
matrix illustrates the results.

RH AT MM

RH .5h2 | 437

AT Eéé%%%%r_ ] .8139 SR
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The correlation between MM and RH was worse than for case (1) (.637 com-
pared to .741); however, r2 was essentially the same (.723 for case (3) and

.719 for case (1)). Therefore, for the remaining correlations relative humid-
ities of over 100% were set to 100%.

L, ACHEX |, all sites except Pt. Arguello

Since the Pt. Arguello aerosol differed from urban aerosols in many
respects, a correlation was run on all ACHEX | data except those taken at

Pt. Arguello. The following correlation matrix shows the results.

RH AT MM

RH | 1 737 .724

. fﬁ;%%é/ ] - R® = .670
W77/ |

5. Harbor Freeway, 9-20-72

These results for the Harbor Freeway on September 20, 1972, showed the

highest degree of correlation, R2= .899. The size distributions are plotted
in Figures A-6 and A-7.

RH AT MM

RH| 1 87 .893 2

AT 22;122 1 622 Ro= 89
wm 00,

6. Harbor Freeway, 9-27-7:z

These results for the Harbor Freeway on September 27, 1972 showed a much
lower degree of correlation. For this study, the relative humidity was
consistently calculated to be greater than 100%.

RH AT MM

RH-| 1 - .985 536 )
7R 617 o= .561
W77
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]. Harbor Freeway, 9-20-72 and 9-27-72

The combined resuits of the Harbor Freeway gave the following results:

RH AT MM
RH ] .458 564
L 2

8. Pomona ACHEX

These data showed a better correlation between MM and AT than between MM

and RH. At Pomona, the dew point sensor became dirty very rapidly, and accu-
rate values of RH were difficuit to obtain.

RH AT MM

RH .815 .639

At Z///////l .748 ' R® = .563
MM é%%%%é%iézgéggé ]

S. Point Arguello

The Pt. Arguelic data showed essentially no correiation between MM and RH.
At Pt. Arguello the calculated humidity was almost always greater than 90%.

There is a strong correlation between MM and AT, however, only 6 data points
were used in the correlation.

RH AT MM
RH ! 77 .020 2
- ;Zfzgf : 89 R = .812

A correlation was not made on the Fresno data alone because of insuffi-

cient data.
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The inside relative humidity was calculated using the dew point tempera-
ture and TIN. MM is plotted against the change in RH (based on TIN and TO)
in Figure A-13.

A linear correlation was run on MM vs. ARH with the following results:

MM = 0.264 + 0.00833(ARH) ny = 0.826 Fratio = 70.97

The equation is plotted in Figure A-13 as a dashed line (Curve A). This
correlation coefficient is about the same as for MM vs. AT In case (1). The

95% confidence interval on the coefficient of ARH (B) is
-0.233 < B < 0,250
A parabola was also fit to the data and is shown in Figure A-13.
MM = 0.320 + 3.94 x IO_B(ARH) + 6.71 x IO—S(ARH)2

Since the mismatch should be zerc when ARH = 0, and since the mismatch

parameter is a relative quantity, the curve was shifted down to intersect the
origin at ARH = 0 (Curve C):

MM = 3.94 x 10'3(ARH) + 6.7 x 10'5(ARH)2
FURTHER WORK

Further work on this problem could include:

1. Nonlinear correlations between MM and various parameters.

2. A calculation of the inside humidity and a correlation of MM vs.
A(RH) using ten-minute averages.

3. A study of the overlap region between'the Royce 220 and the Royco
245 using the raw MCA counts. |

L. A new characterization of the mismatch.
Work on the growth of aercsols with changes in RH and the weight
fraction of liquid water vs. RH.

6. An analysis of variance on the ten-minute data. Such an analysis
could indicate if there were significant differences between the

size distributions from different sites and from ACHEX | and ACHEX |1

based on the mismatch parameter.

A-9
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ROYCO PC 220 INLET
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Figure A-4., Sheath Alr Sample Inlet for the ARB and EPA Royco PC 220
Optical Particle Counters
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TABLE A-1
RGYCO 220 TEMPERATURES
Room Sheath Air Inside Sheath Air Inside

Time Temp, °C Temp,°C Temp,°C Voltage Voltage
12:00 Royco turmed on

14:35 21.5 23.1 23.1 .910 .910
14:48 21.8 22.7 24.0 .882 944
14:55 22 23.3 24.5 .908 .954
15:14 22 23.4 26.4 .915 .953
15:31 22 23.5 24.5 .916 .958
15:55 22 23.5 24.8 .919 .962
36:17 22 23.4 24.7 .914 .960
16:34 22 23.5 24,7 .917 .860
17:00 22 23.7 24.9 924 .967
18:05 21.5 23.3 24.7 .909 .960
21:40 20 22.2 23.5 .863 .913

- copper-constantan thermocouples
- inside temperature is measured inside the Royco cabinet near the inlet

- sheath air temperature measured in the sheath air line just before
re-entering into inlet
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APPENDIX B

THE AEROSOL SIZE DISTRIBUTION IN THE MOJAVE DESERT*

ABSTRACT

Recent work in the California Air Resources Board Aerosol Characterization
Experiment (ACHEX) in 1972 has shown that reliable instrumentation coupled with
a modern data acquisition System enables the researcher to sample a variety of
meteorological conditions, gases, and particulates with greater accuracy over a
wider range of concentrations. As an example of aerosols sampled, the results
obtained at Goldstone in the Mojave Desert are presented. Simultaneously with
the taking of filter and impactor samples for chemical analysis, the aerosol
particle size distribution was measured with four on-line instruments over the .
particle size range from approximately 0.003 um to 40 um. Plots of AS/A Log Dp
and AV/A Log DP vs. Log D are presented. The lowest volumes ever recorded
with the aerosol analyzing system (1.85 um3/cm3) were obtained at Goldstone.
More typical aerosols were also sampled. An incursion of well aged aerosol
from the South Coast Basin was also recorded (total volume = 43 .7 um3/cm3).

Average nuclei counts ranged from 47 <:m-3 to 20,000 cm_3.

*By George M. Sverdrup, Kenneth T. Whitby, and William E. Clark, Particie
Technology Laboratory Mechanical Engineering Department, University of
Minnesota. Presented at the 26th Annual Conference on Engineering in Medicine

and Biology, Minneapolis, Minnesota, September 30 - October L, 1973. Sub-
mitted to the Journal of Atmospheric Environment.
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INTRODUCTION
From July through December 1972, the Particle Technology Laboratory of the
University of Minnesota participated in the California Air Resources Board (ARB)

Aerosol Characterization Experiment (ACHEX). The main objectives of this study

1. To characterize the aerosol in the San Francisco Bay Area, the San
Joaguin Valley, and the Los Angeles Basin in terms of the aerosol's
physical and chemical properties, its interaction in the atmosphere,
and its natural and man-made origins.

2. To evaluate the amount of the atmospheric aerosol in the state's three
major basins which can be related to (a) primary emissions, such as
auto exhaust or smokestacks, and (b) secondary production due to phys-
ical and chemical processes taking place in the atmosphere.

3. To identify those major sources of particles and chemically reactive
gases which can be related to aerosol pollution and visibility
reduction.

A mobile air pollution laboratory, designed and built by the Particie -
Technology Laboratory and Thermo-Systems, inc., under contract with Rockwell
international Science Center, p1a9ed a major role In the project. Measurements
included serosol size distributions, meteorology, gas analysis, and filter
samples. The gas instrumentation and fiiter analysis was performed by the State
of California Department of Public Health Air and Industrial Hygiene Laboratory
(AIHL), Berkeley, California. The data acquisition software was written by the
Rockwell Science Center.

This paper is cdncerned with the aerosol size distributions obtained from
October 31 to November 4, 1972, at the desert site of Goldstone. The site was
remote enough so that clean, desert background aerosol could be measured. The
lowest voiumes ever recorded with the Minnesota Aerosol Analyzing System (MAAS)
were obtained (totai volume of 1.85 um3/cm3, nuclei count less than 100). More
normal desert background aercsol was also characterized (total! volumes of 8 to

13 um3/cm3

and nuclei count of a few thousand).
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SAMPLING SITE

The Mobile Air Poliution Laboratory was located at the Pioneer Station of
NASA's Goldstone Tracking Station (see Figure B-1). .Pioneer Station is located
approximately 200 km northeast of downtown Los Angeles and 58 km north of
Barstow, Ca?ifornia. Fort frwin is located 19 km southeast of Pioneer Station.
Five other Goldstone stations are located within 16 km of Pioneer to the south.
One station is located 4.5 km to the northwest. All stations are connected by
a lightly travelled, paved road.

Pioneer Station is located in a basin approximately 3 km by 1 km surrounded
by 250m hills to the northwest and 125m hills to the east and south. The mobile
laboratory was parked on a paved pad about 125m west of the Pjoneer buildings and
the paved road leading to the basin. Directly north of the trailer was a dry
lake approximately 0.4 km wide and 0.8 km long.

There was a small dump in which open burning took place on the far side of
the dry lake north-northeast of the mobile laboratory. Burning was noticed dur-
ing two periods. During the first, the wind was from the south and during the

second period no sampling was taking place. Therefore, it is believed that no

combustion aerosols from the dump were sampled.

INSTRUMENTAT 10N

The ARB mobile laboratory was constructed in a forty-foot Fruehauf semj-
trailer. The operation of the mobile lab has been discussed elsewhere.]’2
Figure B-2 shows the locaticn of the instrumentation in the mobjle lab. The gas
analyzers were located in the front of the lab. The continuous aerosol instru-
mentation, filters, and impactors were located In the rear. The computer and
Whitby Aerosol Analyzer (WAA) were located in the middie of the 1ab. Whitby

EE.Ql? have listed all major instrumentation along with the individual or group

responsible for calibration and malntenance.
METEOROLOGICAL INSTRUMENTAT!ON

The meteorological instrumentation included a Meteorolegy Research, Inc.,
(MR1) Model 1074 Ground Based Meteorological Measurement System (wind direc-

tion, wind speed, wind sigma),-a‘Rosemount Model 412R Resistance Thermometer

(outside temperature), and a Cambridge 880 Dew Polint Hygrometer.
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Calibration and maintenance of these instruments have been discussed by
Whitby 92‘21:1’3

Dats from instruments whose output is an analog signal{including the
meteorological instruments) was collected using software written by Rockwell
Science Center.h The basic unit of time in the software was 20 seconds. Every
20 seconds a Rockwell-designed multiplexer scanned the analog signals. A volt-
meter read each signal, and at the end of the ten-minute cycle an average of

the 30 readings for each signal was written on magnetic tape and output on the

teletype in engineering units (see Figure B-3).

CONTINUOUS AEROSOL INSTRUMENTATION

The aerosol size distribution system consisted of an Environment One Model
Rich 100 Condensation Nuclei Counter (CNC), a slightly modified Thermo-Systems
Model 3000 WAA, 2 modified Royco Model 220 Optical Single Particle Counter (pc),
a modified Royco Model 245 PC, and a MRI Model 1550 Integrating Nephelometer.

WAA (WHITBY AEROSOL ANALYZER)

The operating principle of the WAA has been discussed.elsewhere.5 Cali-
Sration of the WAA was difficult because of the lack of a suitable standard
against which tc compare it. The procedures of Husar and Whitby consisted of
the following:

i. An experimental determination of the charge on particles of various
sizes using the instrument charger and operating conditions for the
sarticular instrument design.

2. A theoretical calculation of the instrument constants JUsing experi-
menta! charges and the theoretical relationships between air flows,
voltages, particle charge, and fraction charged at the calculated
NOt (ion concentration x charging time) product.

3. An experimental determination of the particle iosses in the instru-
ment due to space charge and diffusion.

For the WAA in the mobile lab, the earlier calibration of Husar and Whitby

was used. Care was taken to make certain that the instrument was oparating at
the same conditions of voltage, flow, and geometry that existed when the orig-

inal calibratlon was made. Table B-! shows the particle size range used in
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the ACHEX.

A new portable electrical aerosol analyzer (EAA) developed at the
University of Minnesota was used at some locations in the ACHEX.6 The proto-
type instrument has a total volume of 106 iiters and a total weight of 27 kg
and is sufficiently portable to be used on small airplanes and ground-based
vehicles for mobile air pollution studies. Although the instrument was not
used at Goldstone, It was used in conjunction with the WAA in calibrating the
CNC. Further studies on its performance apply qualitatively to the WAA.

As a result of recent work at the University of Minnesota using the smog
chamber described by Clark7, an estimate of the relative error in number, sur-
face, and volume vs. particle size for the EAA has been obtained. To do this,
0.23 ppm of 502 was iiluminated for 17 minutes, the tights turned off, and
aerosols ailowed to coagulate until practically all of the particles smaller
than a few hundredths of a ym had disappeared by coagulation with larger parti-
cles and the changes of aerosol surface and volume were linear with time. The
change in electrometer current (Al) for each size interval was then regressed
against time and the standard deviation of the Al's about the line of regres-
sion was calculated. By multiplying by the appropriate calibration con-
stants, the standard deviation in Al was translated into a standard deviation
in particle number, surface area, and volume. These results are shown in
Figure B-4 as a function of particle size.

It will be noted that the standard deviation of Al (GAR), ranges from a
maximum of about .01 pa at 0,004 um to a low of about 0.001 pa at 0.4 um.

This is approximately equal to the electronic noise levels at the voltages
used for measuring the particular sizes. For these measufements a Doric data
acquisition system (Doric Scientific Corporation, San Diego, California) was
used, having a filter with an effective averaging time of about 0.25 sec. By
using computer averaging of the electrometer output as was done in the ACHEX,
the effect of the electrometer noise was reduced even further to values on the
order of 0.0005 pa.

in the ACHEX, the WAA was controlled by the computer. While the mobile
laboratory was in Minnesota being prepared for the study, it was noted that

electronic noise with a period of about 2 seconds was superimposed on the

B-5




VOLUME 1V ’ Science Center
Rockwell International

SC52h4 . 25FR

electrometer signal. Therefore, the computer was used to take a series of
readings and to average them over the period of the noise. During the first
five minutes of the ten-minute cycle, the WAA was in its Tirst position. After
five minutes a series of thirty readings was taken and the average value was
used for the first position. The computer then stepped the WAA and after a
period of time, tock ancther set of readings. The entire WAA cycle (includ-
ing some positions which were not used) took five minutes (see Figure B-3

and Table B-i). By averaging the readings at each step, the WAA could be used
in regions such as Goldstone where there were relatively few sub-micron

particles.

CONDENSAT!ION NUCLEI| COUNTER
' Past experience has shown that the number of nuclei counted by the WAA is
in substantial agreement with that counted by a Poliak counter when the particle
size is well above the lower threshold limit of the CNC. The WAA and the EAA
were used as reference systems for total nuclei counts. The electrical mobility
analyzers have a measurement range of at ieast 0.005 to 0.6 um diameter. The
accuracy of the electrical aerosol analyzers is best at mid-rangewith a standard
deviastion of less than 10.0 for number. Below 0.02 um the CNC is more accurate
for measuring total number concentration NT.

Wher the CNC was calibrated against the WAA and EAA, aerosols were gener-
ated with practicaliy no particiles smalier than 0.02 um and the Al's below
0.02 um were not used in calculating NT. Under these conditions the absolute
accuracy of the electrical aerosol analyzers is good and the variability from
run to run is on the order of 5 to i0%.

Relatively monodisperse particles in this range were generated by heating
rubber tubing with a hair dryer and then removing the small particles through
diffusion by passing the aeroscl through a 40 cm high rice bed. The aerosols

3

were diluted and aged by coaguiation for at least 10 minutes in a 3.5 m” bag
before they were sampled through the same port by the CNC and the electrical
mobility analyzers. The mobility analyzers were connected to a POP-8E com-
puter which gave the total number count with a small time delay. The CNC was
calibrated against the WAA and the EAA at concentrations of 30,000 particles/cc

te 80,000 particles/cc in the particle size range of 0.02 to 0.1 um. Repeated
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experiments showed agreement within 20%.
Because the nuclei count was extremely low at Goldstone, extra care was
taken in zeroing the CNC. The CNC was run overnight on October 31 to
November 1, 1972, with an absolute filter in the sample line. Sixty-five ten-
minute averages were used to correct for the electronic offset. The result was

the subtraction of 26 particles per cm3 from each ten-minute average.

OPTICAL PARTICLE COUNTERS

Two optical particle counters (PC) were used in the mobile laboratory. A
modified Royco PC 220 was used for the size range 0.422 to 5.62 um and a modij-
fied Royco PC 245 was used for particles with diameters from 5.62 to 38.0 um. 1,8

A sheath air sample inlet was installed in the Royco PC 220. The sheath
air inlet shown in Figure B-5 removes about 85% of the flow, filters this air,
and returns it around the sample stream. The sheath air inlet has four advan-
tages over the original inlet: it (1) dilutes the aerosol so that higher con-
centrations can be counted, (2) decreases the response time of the optical par-
ticle counter by preventing the recirculation of aerosol into the viewing
volume, (3) increases the resolution of the optical particle counter by focus-
ing the aerosol sample stream into a moré uniformly iliuminated portion of the
viewing volume, and (4) increases the signal-to-noise ratio by focusing the aero-
sol sample stream into a portion of the viewing volume which has a higher mean
intensity than the original viewing volume. ThIS increase in signal-to~noise
ratio and resclution of the Royco PC 220 can be seen in Table B-2 for aerosol
particle diameters of 2.98 and 5.8] um.

The sample flow rate in the Royco PC 220 was determined by plotting the
pressure drop in a portion of the sheath air line vs. sample flow maintaining
a total flow of 0.1 cfm. The sampie flow was found to be 0.0127 cfm
(5.99 cm3/sec). The sample flow was rechecked at Goldstone and found to be
7.43 cm3/sec. The change was due to the increased resistance to flow through
the sheath air line because of particle collection on the sheath air filter in
polluted urban areas.

The particle losses in the 0.25 inch diameter by 52 inch long vertical
tube leading to the PC 220 sensor were determined using a DOP aerosol with a

uranine dye tracer. Using a G. K. Turner Fluorometer it was determined that
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for an 8.71 um particle and a total flow rate of 0.1‘cfm, the losses in the
sample tube were less than 1%.

The conical sample inlet shown in Figure B-6 was made for the Royco PC 245
to increase the instrument's counting efficiency for particle diameters up to
40 um. 'n order to determine the sampling efficiency of the conical inlet, the
inlet was stuck through a glass fiber filter at the bottom of a vertical tube
and another glass fiber filter was placed at the end of the inlet. DOP aerosols
with a uranine dye tracer were generated, and the relative mass collected on
each filter and the inlet were determined using a G. K. Turner Fluorometer. The
sampling efficiency was then determined by the following equation:
MCQA

n =
r
(M_ +Ml + MO) Q
where MC = relative mass collected on filter after iniet
M. = relative mass cnllected on Inlet

i

MO = relative mass collected on filter at bottom of the vertical tube
Q. = aerosol flow rate (1.5 cfm)
QS = sample flow rate (1.0 cfm)

Figure B-7 is a plot of sampling efficiency vs. particle diameter.

A passive in-line diluter was used for the CNC and Royco PC 220 during
the ACHEX.i No dilution was necessary at Goldstone.

The outputs of both optical particle counters were calibrated vs. the
diameter of a transparent, spherical DOP aerosol with refractive index of 1.49.
The DOP aserosols were generated with a vibrating orifice monodisperse aerosol
gencrator described by Berglund (1972).8 Figures B-8 and B-9 show plots of
multi-channel analyzer (MCA) channel number vs. particle diameter. Table B-3

fists the particle size ranges used in the ACHEX.

Polystyrene latex (PSL) aerosols were also generated using a Royco

Mode! 256 aerosol generator to determine a primary field calibration. A pri-
aary field calibration was made on both optical counters at Goldstone before
any nampling was conducted. A secondary calibration check consisted of

B-8



VOLUME 1V _ ‘ Science Center
Rockwell International

SC524,25FR

adjusting the gain of the photomultiplier tube in the instrument so that the

chopper pulse from the instrument fell in the same MCA channel as it did immed-

iately after a primary field calibratijon. Secondary calibrations were made
twice a day.

When sampling, each optical counter fed pulses to a 256-channel MCA. Be-
cause the pulses from the Royco Model 245 were too fast for the MCA
were first fed into a UM 170-1 pulse converter.

» the pulses
The pulse converter was set at
a gain af 1 and 50 u sec delay. During a ten-minute cycle, both MCA's were idle
the first minute and accumulated pulses during the last nine minutes (see

Figure B~3). Factors such as dilution ratio, sampling efficiency, flow rate,

and counting time were taken into account in the computer software.
NOMENCLATURE

Because of the great number of weightings and subranges involved in analyz-
ing aerosol data, the system of nomenclature used is that described in detail in
Reference 9. It is also briefly described in the Appendix.

The distributions presented here have been plotted as AS/ALog D and

AV/ALog Dp vs. Log D - The area under the curve is then proportlonal to the

surface and volume respectuvely.

DATA ANALYS!S

During the four days at Goldstone, a variety of aerosols were sampled. The

wind direction changed from the north where extremely low aerosol
were observed

concentrations
» to the south where aged aerosol from the south coast basin was

sampled. More typical desert aerosols were alsoc sampled.

Figure B-10 is a plot of the diurnal variations of several meteorological

and aerosol parameters obtained at Goldstone. The entire sampling period has

been divided into nine episodes. Table B-bL iists these episodes and the values

of some characteristic parameters.

In an effort to better characterize the aerosol which was sampled, a MR
aircraft was flown during the intensive sampling periods in the ACHEX. The air-
craft was a Cessna 205 equipped with gas analyzers, a nephelometer, a CNC,
meteorological instruments and an analog data acquisition system. The intensive
period at Goldstone was scheduled for 21:00 on November 1 until 21:00 on
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November 2, 1972.

Due to a thermal failure in a MCA circuit, all copies of the data acquisi-
tion program were destroyed on the morning of the episode. The mobile lab
was not in operation until 18:00 on November 2, 1972. Therefore, during the
period in which the aircraft was flying and most filter samples were being
taken, there are no particulate aerosol data. The one benefit derived from
this failure was that the mobile lab stayed an extra day at Goldstone and

sampled an incursion of aged aerosol.

CLEAN DESERT AEROSOL - EPISODE A

The period from 13:50 until 16:50 on October 31, 1972 was characterized
by the lowest aerosél concentrations ever measured with the MAAS. This epi-
sode occurred after a few days of unusual weather conditions. It rained the
week before the laboratory arrived at Goldstone. While the lab was at
Goldstone a portion of the dry lake directly north of the trailer was covered
with water. The day the mobile lab arrived the wind was from the north with
gusts up to 80 km/hr. By the time the laboratory was ready for operation at
13:30 on October 31, 1972, the wind was still from the north at 25.2 km/hr
blowing across the lakebed.

Figure B-11 shows a volume distribution averaged from 13:50 to 16:50
(19 distributions). The total volume is 1.85 um3/cm3 with 55% of that below
1 pm. Even though there was a strong wind, the volume of particies greater
than 1 um was only 0.82 umB/cm3. The nuclei count and BS are baseline values
(see Table B-V).

A comparison of the average nuclei count as measured by the CNC (47 cm-3)
with the total number NT measured by the WAA (1290 cm—3) in Table B-5indicates
that the WAA does not give reliable results for number in its lower ranges at
reduced concentration. Comparing the results in Table B-5 for Figure B-13,
as the concentration rises to a few thousand, the ratio of NT/CNC approaches
one.

Recent work at Minnesota indicates that two reasons for the discrepancy

betweern the instruments are:
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1. As previously described, the WAA is not as accurate as the CNC at the
| lower size ranges of the WAA. One point below 0.02 um (.0133 um) was
used from the WAA in the ACHEX.

2. The computer ignored negative Al's for the WAA. When the computer en-
countered such a situation, the number concentration for that size
interval was set to zero. Thus any negative AN's which would have
balanced out the positive fluctuations were not Included in the sum-

mation.

For these reasons the WAA could be expected to never indicate concentra-

tions of less than one to two thousand for NT.

N1GHT DESERT BACKGROUND AEROSOL - EPISODES B, F, H

These three night episodes represent typical background conditions ob-
tained while the mobile lab was at Goldstone. Total volume was on the order
of 8-12 um3/cm3 with the amount below 1 um at 3-4 um3/cm3. The nuclei count
varied from 1000 to 6000 per em?.

in Figure B-12 a typical Goldstone distribution is compared with the back-
ground conditions observed in Ft. Collins, Colorado, during steady periods when
there was little evidence of local contamination.

The most striking feature of the volume distributions is in the volume
greater than 1.0 um. At Ft. Collins a high concentration of particles larger
than a few microns was observed even -under conditions when the anthropogenic
contribution was obviously low.IO The steadiness of the concentration of these
large particles suggested that they were not always locally raised dusts, but
rather particles settling from higher altitudes. At Goldstone such high con-
centrations of large particies were not measured.

Episodes B and F were characterized by low wind speed and large fluctua-
tions in wind direction. During Episode H, however, the wind speed was about
15 km/hr from the south for much of the night. This steady wind~velocity
resulted in an Incursion of aged aerosol the next morning. Total surface dur-
ing Episode H was on the order of 100 to 120 um2/cm3 compared to 60 to 80 dur-

ing Eplsode B. The additional surface appeared in the sub-micron range.
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NiGHT AEROSOL - HIGHER VT - EPISODE D

Figure B-11 and Table B-5 show a typical distribution during an evening
episode in which VT was about twice as high as other\evenings. The total vol-
ume in Figure B-11 is 15.2, but was measured as high as 29 um3/cm3. The volume
distribution shows a slight increase in the mode between 0.1 and 1.0 um and a
substantial increase in the mode above 1.0 um. The increase is probably due
to wind blown dust.

Both distributions shown in Figure B-11 are bimodal. The increased vol-
ume less than 1 um for Run 127 is evidence of dilute aged aerosols. This aero-

sol was sampled when the wind was from a southwesterly direction. The aerosol

was probably of anthropogenic origin of some distance away.

DAYT IME AEROSCL AT DESERT LOCATION - EPiSODES C, E, G

in Table B-4, parameters representing typical distributions for daytime
aseroscls are shown. For Episode C the average nuciei concentration was 15,600
per cm3. The higher nuclei count and increased volume less than 1 um can be
attributed tc anthropogenic activity in the surrounding area.

Episode G covers the same time of day as Episode C; however, the nuclei
concentration, BS, and sub-micron aeroscl volume are considerably less than for
Episode C. The nuclei concentration is about the same as during evening hours.
The nephelometer was adjusted to read 0.23 X lo—hm—] while sampling clean air

to account for Rayleigh scattering. Therefore, the value of 0.259 x 10_hm‘]

for Episode G is a baseline value. The fact that BS = 0.359 x 10’“m_] for
Episode A even though the sub-micron volume was less than that for Episode G
{(v.02 um3/cm3 for Episode A, compared to 2.28 umB/cmB) suggests that both the
nephelometer and the aerosol size Adigtribution instruments were operating at

their 1imits of detection.

INCURSION OF AGED AEROSOL - EPISODE |

From 10:00 on November 3, 1972 until midnight the wind blew steadily from
the south at about 15 km/hr. From Figure B-4 it can be seen that as the wind
speed increased at about 05:00 on November 4, 1972, the scattering coefficient
and sub-micron aerosol volume increased dramatically.

Figure B-13 shows the buildup of the aged aerosol. In a period of 2 hours
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VT and BS increased by a factor of 5. The six-fold increase in volume in the
0.1 to 1.0 um is evidence of well aged aerosol. There was essentially no in-
crease in voiume below 0.1 um. The volume in the 1.0 to 10 um range increased
by a factor of 3. Comparison with Figure B-11, Run 127, indicates little
change in volume for particles greater than 1 um between November 1 and
November 4, 1972.

Figure B-11 (Run 127) and Figure B-13 both represent times when the wind
had been blowing steadily from the south for a period of time. For Run 127,
any aerosol generated within 40 to 50 km to the south of Goldstone would have
had time to arrive at Goldstone and yet V3- was only 5.09 um3/cm3. In Run 171,
V3i- = 29.9 um3/cm3. These facts confirm the belief that Figure B-13 represents
well aged aerosol from the South Coast Basin. _

A comparison of the aged aerosol sampled at Goldstone with smog aerosol
in the South Coast Basin is made in Figure B-14, The éomparison is made with

aerosol sampled at the Los Angeles County Fairgrounds in Pomona eleven days

earlier. Total surféce is a factor of 3 higher at Pomcna, and BS is a factor

of 3 higher. Both distributions are simiiar in shape having a mode at 0..486 um, &
The Pomona aeroscl has a greater proportion of its surface below 0.1 um; how- J
ever, this is to be expected In an urban area. ‘

A chemical analysis of aerosols collected on a total filter also indicates
that the aged aerosol was of anthropogenic origin. The filter was a 5 u, 47 mm

Gelman GA-1 cellulose ester filter with an average flow rate of 100 2/min.

Three elements known to originate from anthropogenic sources are tabulated in
Table B-6 covering a period of about 60 hours. Ratios of bromine, lead, and
zinc to total mass, MT, are presented. Just as the ratio of V3/VT increased

during the incursion of ayed aerosol, the ratios of BR/MT, PB/MT, and ZN/MT
increased by a factor of a little over 2,

The lead to bromine ratio has also been tabulated. The lead to bromine
ratio, as pointed out by Wesolowski and others, indicates the possible aging of

the aerosol based on the removal of bromine from the lead halides from auto-

mobile exhaust.h There appears to be a systematic difference in the data ob-
tained in the ACHEX with the lead to bromine ratio for fresh combustion aerosol r

in the range of 2.4 to 3.4 and a much higher ratio for aged aeroscl. From
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Table B8-6, the smallest value of this ratic, 3.3, occurred on November 2,
during hours in which Goldstone personnel and the mobile lab crew arrived by
automobile. The aged aercsol arrived at Goldstone on November k4, during the
same time pericd, increasing the ratio to 5.8. Thus, the lead to bromine ratio
indicates that not only was the aercsol of anthropogenic origin, but that it
was aged aerosol.

Four examples of gas concentrations are é1so tabulated. There was essen-
tiaily no increase in the concentration of total hydrocarbons, HCTOT, and a
small increase in carbon monoxide. Ozone and oxides of nitrogen, tabulated in
pphm, showed increases by a factor of about 3. The peak ozone concentration

measured was .092 ppm,.

PARTICULATE DENSITY

Figure B-15 is a plot of the total mass of particulates obtained from the
total filter. Table B-6 shows an estimate of the particulate density at
Goldstone. The density wa: obtained by dividing the mass obtained from the
total filter by the total velume obtained with the MAAS. For two periods on
November 2, 1972, the density was not calculated since only three ten-minute
total volumes were recorded. The average density over a period of about two
days was 1.70 g/cm"j with an uncertainty factor of * 0.17 g/cm3 based on the
uncertainty in total mass, and a relative standard deviation of 27.4%.

The value of 1.7 gm/cm3 is quite reasonable since the absolute value of
particle density is probabiy within the range from 1.5 to 2.5 gm/cm3. Ho
gg.gl]] have reported that on November 2, 13972 within the limits of detection
of the Rockwell waterometer {microwave technique), essentially no liquid water
was present in the aerosol. Their conclusion was confirmed by measurement

of the water in filter collected werosols by a gas chromatographic technique.]2

CONCLUSIONS
From the aerosol size distributions measured in the Mojave Desert at
Goldstone, the following conclusions can be drawn:
1. The use of reliable instrumentation coupled with a modern data
acquisition system has made possible the sampling of gases and

aerosols over a wider range of concentrations with greater accuracy.
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2. When the wind was from the north, the lowest volumes ever recorded
with the MAAS were obtained. The average total volume over a 3-hr
period was 1.85 pm3/cm3. The low volume is probably due to the rain
whichAfell at Goldstone prior to the sampling period. The rain does
not explain the low nuclei concentrations (1ess than 100) which were
found. It is speculated that the low nuclel count might have occurred
because of high altitude air which was brought down to the earth's
surface.

3. The typical background desert condition measured during the sampling
period was a total volume on the order of 8 to 13 um3/cm3 with the
amount below um at 3-4 um3/cm3. The nuclei count was a few thousand.
In contrast with other background data obtained at Fort Collins,
Colorado, the volume of aerosol greater than | um was much less,
being only 60 to 70% of the total volume. The occurrence of rain just
before the sampling period makes it Impossible to claim that typical
background conditions over a long period of time were measured. Al-
though large amounts of windblown dust had been expected at Goldstone,
no evidence of such dust was recorded. The max imum volume greater
than 1 um was about 12 um3/cm3.

h. Aged aerosol from the South Coast Basin has been measured at a desert
location. A total volume of 43.] um3/cm3 was recorded with 31.5 um3/cm3
below 1 um. Concentrations such as these are of the same order of mag-

nitude as those measured in the South Coast Basin itself on days of
ligh; smog. '
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NOMENCLATURE
Inclusive Range Subrange
0.001 - 0.01 um 1
0.01 - 0.1 um 2
c.v -1 um 3
i - 10 um L
i0 - 100 um 5
N = particle number, no./cm
S = particle surface, umz/cm3
V = particle volume, um3/cm3
T = total number, surface, or volume
V3- = volume in subrange 3 and ail smaller sub-
ranges
Vi+ = volume in subrange 4 and ail larger sub-
ranges
‘BS = scattering coefficient, m
CNC = condensation nuclei counter
RH = relative humidity, %
WD = wind direction, deg.
WSPD = wind speed, km/hr
BR = Bromine, ug/m3
PB = Lead, ug/m3
IN = Zinc, ug/m3
HCTOT = Total hydrocarbons, ppm
€0 = Carbon monoxide, ppm
03 = Ozone, pphm
NOX = Oxides of nitrogen, pphm

MT

Total mass, ug/m3
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TABLE B-i
PARTICLE SI1ZE RANGES AND TiME AT EACH STEP FOR WAA

Step DP! Bm Dpi, um ©  Time at Step
1 .01 5 min.
.0133
2 01778 40 sec.
.0237
3 .0316 40 sec.
L0422
4 .0562 20 sec.
075
5 .100 20 sec.
.133
6 .1778 20 sec.
. 237
7 .316 20 sec.
.365
8 422 20 sec.
TABLE B-2

MEAN AND RELATIVE STANDARD DEVIATION OF PARTICLE VOLTAGE PULSES FROM THE ARB
ROYCO PC 220 (SERIAL NO. 431) OPTICAL PARTICLE COUNTER WITH THE ORIGINAL AND
SHEATH AIR SAMPLE INLETS

Dp = 2,98 ym Dp = 5.81 pm
Relative Relative
Mean Standard Mean Standard
Inlet (Volts) Deviation {Volts) Deviation
Original 1.29 0.197 3.59 0.168
Sheath Air 2.89 0.073 7.866 0.065
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TABLE B-3

PARTICLE S!ZE RANGES FOR THE OPTICAL SINGLE PARTICLE COUNTERS

Royco Model 220 Royco Model 245
betnp, I
422 .487 5.62 7.50
.562 .750 10.0 13.33
1.00 1.33 17.78 23.7
1.78 2.37 : 31.62 34.7
3.16 L.22 38.0
5.62

(>
]

particle diameter at boundary of size range.

Dpi = particle diameter at midpoint of size range.
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\ MOBILE

SAN GABRIEL

PACIFIC
OCEAN

Figure B-1. Location of the Mobile Laboratory.

Figure B-2. Llocation of Instrumentation in the Mobile Laboratory
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Figure B-4.
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Figure B-5. Sheath Air Sample Inlet for the Royco PC 220

Figure B-6. Conical Sample inlet for the Royco PC 245
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Figure B-8. MCA Channel Number vs. Particle Diameter for the Royco PC 220
Optical Particle Using DOP Aerosols with a Refractive Index of 1.43
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Sampled at Goldstone and Fort Collins, Colorado
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APPENDIX C

CONDENSATION NUCLEI COUNT VS. V3-/b *
scat

INTRODUCT I ON _

The work reported here was performed to further investigate the relation-
ship between the scattering coefficient, bscat’ and sub-micron aeroso) volume,
V3-, as an aid for the characterization of background aerosols. The present
preliminary report examines the relationship between the condensation nuclei

concentration, CNC, and the ratio V3-/b (K). This is only one way of

scat
examining the interrelationships between these variables. Earlier work in-

volved an examination of the correlation of V3- with bSC using an estimate

of the geometric mean size of the sub-micron volume modeagf the aerosol.

This work is preliminary in nature. First, the final data tapes are not
vyet avallable. Therefore, all the data taken were not used. This is espe-
cially significant with regard to the non-urban sites at Goldstone and
Point Arguello. Secondly, most of the averages which were used for the
present work were averages over filter chemistry times which are not appro-
priate for this study. The data used represent times ranging from 10 minutes
(San Pablo) to 14 hours (Goldstone). Thirdly, there has not been sufficient

time to investigate the influence of other variables on K.

GENERAL CORRELATION OF CNC VS. K

Figure C-1 shows a plot of condensation nucleij concentration vs. K with
certain classifications superimposed on the data. Figure C-2 shows the
ACHEX 1| data plotted on a separate graph with the same scale for clarity.
The CNC ranges from about 50 to 5 x 106 per cm3. K ranges from 2 to 60.

y ung -4 -
3- ranges from 0.74 to 159 cm3 and bscat from 0.21 to 20.9 x 10 'm '.

*George M. Sverdrup and Kenneth T. Whitby, Mechanical Engineering Department,
University of Minnesota, August 12, 1974,
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TABLE C-1

IDENTIFIABLE CATEGORIES OF URBAN AND NON-URBAN
CONCENTRATIONS OF CNC AND K = V3-/BS

um
cm3 ‘m X lo_h No./cc
Category K(v3-/BS) CNC
Clean Continental 2 - § 100 - 1K
Urban Influenced (Urban District) 5 -15 1K - 25K
General Urban
Aged Polluted 5 -15§5 25K - 250K
_ Diluted, Lower Pollution 15 - 30 25K - 300K
Strongly Source Influenced 30 - 60 300K - 7000K
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It appears that there is a general and significant correlation between
CNC and K. An overall power fit to the 169 data points resulted in the fol-
lowing equation with a correlation coefficient of .746:

CNC = 236 K2-2°

Referring to Figure C-1 it is seen that the line K = 15 divides the two
categories labelled Aged Polluted Urban and Diluted, Lower Pollution. After
some work with the data, it was felt that a K = 13 line might be more appro-
priate although it is still rather arbitrary. Hence, Figure C-3 shows a plot
of the ACHEX | and 1! data neglecting those data in the Aged Polluted Urban
category with K < 13. A curve was fit to the 93 data points resulting in the
foliowing equation:

CNC = 517633

The correlation coefficient was 0.914,
In order to determine what effect relative humidity (RH) might have
played, the data were plotted as in Figure C-1 and C-2, and marked according

to three R.H. categories which characterized them:

' RH < 50%
50% < RH < 75%
75% < RH

No systematic variation of CNC vs. K with RH was detected.

AEROSOL CATEGORIES

From Figure C-1 it can be seen that the data fall into groupings which
can be identified with general location. The categories are listed in
Table C-1 along with appropriate values of K and CNC.

The data from ACHEX ! can be divided into urban and non-urban categories

3

by a nuclei concentration of 25,000 per cm™.

Clean Continental

Clean continental conditions were rare during the ACHEX. From

(€-1)

and Point Arguello. Table C-2 shows the range, mean, and percent standard

Fiqure C-1 1t Is seen that such conditions were encountered at Goldstone

C-6
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deviation of V3-, bscat’ and VT for each category. The mean was not calcu-
iated for categories in which there were few data points and in which the data
were already averaged cover significantly different time periods.

The boundaries for this category are very tentative. Values of K are
somewhat uncertain since the baseline value of the nephelometer was
.23 X 10 m—i, and the bscat values for this category were not much above
that value.

Urban Influenced

This category includes the Urban District category proposed by Whi tby
in another classification scheme. The CNC ranges from 1K to 25K per cm3 and
K ranges from 5 to 15. Data were obtained from Hunter-Liggett, Goldstone,
and Point Arguello. The data are significant because it appears that much of
the background aerosol in Southern California is influenced by urban sources.

General Urban Aerosocl

The lower limit of CNC for aeroscls sampled in urban locations was about
25K per‘cmB. From Figure C-1 it is seen that except at the Harbor Freeway
site an upper iimit of 2.5-3 x 105 per cm3 was cbtained. This limit, estab-
lished by coagulation, is in agreement with values reported previously for

{c-2)

Los Ange1es\
The general urban aerosol has been divided into two categories depend-
ing on the value of K.

Aged Polluted Urban

The Aged Polluted Urban category has K values ranging from 5 to 15.
That these are the same K values as for the Urban Influenced category is
reascnabie since aged aerosols would also be expected to make up the Urban
Influenced category. The lower limit of nuciei concentration overlaps into
the Urban influenced category for the Rubidoux data. Rubidoux generally had
a lower nuclei concentration. The difference between an Aged Polluted Urban
aerosol and an Urban Influenced aercsol can be simply the degree of dilution.

The highest mean values for b V3-, and VT were obtained for the

scat’
Aged Polluted Urban category.
Figure C-1 shows that all Pomona data taken on October 24, 1972 falli

into this category. Data from Pomona on October 5, 1972, a day during which

c-8
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Santa Ana conditions prevailed, is in the transition zone between the two
urban categorles.

Diluted, Lower Pol lution

This category has K values froni about 15 to 30. Mean values of vV3-,
bscat’ and VT were lower than for the Aged Polluted Urban category.

All Fresno data fall into this category as well as data from Pomona
taken during relatively clean conditions. Data from the Harbor Freeway site

taken during periods when the wind was not from the freeway or when there was

little traffic also fall into this category(c—3).

Strongly Source Influenced

Figure C-1 shows that this category has the largest K values ranging
from 30 to 60. The CNC ranges from 3 x 105 to 7 x 106 per cm3. All data

are from the Harbor Freeway site. Table C~2 indicates that bScat was only

slightly greater than that for the Urban Influenced category while V3- and
VT were much greater.
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